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Physics and M easurement 


CHAPTER OUTLINE 


1.1 Standards of Length, Mass, and Time 

1.2 Matter and Model Building 

1.3 Dimensional Analysis 

1.4 Conversion of Units 

1.5 Estimates and Order-of-Magnitude Calculations 

1.6 Significant Figures 


* An asterisk indicates a question or problem new to this edition.) 


lNSWERS to objective questions 


0Q1.1 The meterstick measurement, (a), and (b) can all be 4.31 cm. The 
meterstick measurement and (c) can both be 4.24 cm. Only (d) does not 
overlap. Thus (a), (b), and (c) all agree with the meterstick 
measurement. 


0Q1.2 Answer (d). Using the relation 


1 ft = 12 in 


( 2.54 cm^i 

f lm 1 

l lin J 

1100 cm J 


= 0.304 8 m 


we find that 


1420 ft 2 


'0.304 8 mV 
lft J 


=132 m 2 


OQ1.3 The answer is yes for (a), (c), and (e). You cannot add or subtract a 
number of apples and a number of jokes. The answer is no for (b) and 
(d). Consider the gauge of a sausage, 4 kg/2 m, or the volume of a 
cube, (2 m) 3 . Thus we have (a) yes; (b) no; (c) yes; (d) no; and (e) yes. 
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2 Physics and Measurement 


OQ 1.4 41 € - 41 € (1 L/1.3 €)(1 qt/1 L)(l gal/4 qt) - (10/1.3) gal - 8 gallons, 

answer (c). 

OQ1.6 The number of decimal places in a sum of numbers should be the same 
as the smallest number of decimal places in the numbers summed. 

21.4 s 
15 s 
17.17 s 
4.003 s 

57.573 s = 58 s, answer (d). 

0Q1.7 The population is about 6 billion = 6 x 10 9 . Assuming about 100 lb per 
person = about 50 kg per person (1 kg has the weight of about 2.2 lb), 
the total mass is about (6 x 10 9 )(50 kg) = 3 x 10 11 kg, answer (d). 

OQ1.8 No: A dimensionally correct equation need not be true. Example: 1 
chimpanzee = 2 chimpanzee is dimensionally correct. 

Yes: If an equation is not dimensionally correct, it cannot be correct. 

OQ1.9 Mass is measured in kg; acceleration is measured in m/s 2 . Force = 
mass x acceleration, so the units of force are answer (a) kg-m/s 2 . 

OQ 1.10 0.02(1.365) = 0.03. The result is (1.37 ± 0.03) x 10 7 kg. So (d) 3 digits are 
significant. 


lNSWERS to conceptual questions 


CQ1.1 Density varies with temperature and pressure. It would be necessary 
to measure both mass and volume very accurately in order to use the 
density of water as a standard. 

CQ1.2 The metric system is considered superior because units larger and 
smaller than the basic units are simply related by multiples of 10. 
Examples: 1 km = 10 3 m, 1 mg = 10” 3 g = 10” 6 kg, 1 ns = 10” 9 s. 

CQ1.3 A unit of time should be based on a reproducible standard so it can be 
used everywhere. The more accuracy required of the standard, the less 
the standard should change with time. The current, very accurate 
standard is the period of vibration of light emitted by a cesium atom. 
Depending on the accuracy required, other standards could be: the 
period of light emitted by a different atom, the period of the swing of a 
pendulum at a certain place on Earth, the period of vibration of a 
sound wave produced by a string of a specific length, density, and 
tension, and the time interval from full Moon to full Moon. 

C Q 1.4 (a) 0.3 millimeters; (b) 50 microseconds; (c) 7.2 kilograms 
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Chapter 1 3 


Section 1.1 Standards of Length, M ass, and Time 

P1.1 (a) Modeling the Earth as a sphere, we find its volume as 

^nr 3 = ^tt( 6.37 x 10 6 m) 3 = 1.08 x 10 21 m 3 
Its density is then 

m 5.98 xlO 24 kg r—:——tt—-—yi 

p = =- T —^ = 5.52 x 10 3 kg/m 

H V 1.08 xlO 2 m 3 1 --- 1 

(b) This value is intermediate [between the tabulated densities of| 
[aluminum and iron] Typical rocks have densities around 2000 to 
3000 kg/m 3 . The average density of the Earth is significantly 
higher, so higher-density material must be down below the 
surface. 

P1.2 With V = (base area)(height), V =(nr 2 )h and p =™, we have 


nr 2 h tt( 19.5 mm) 2 (39.0 mm)^ 1 m 3 
p=|2.15xlO 4 kg/m 3 1 


P1.3 Let V represent the volume of the model, the same in p =—, for both. 
Then p iron =9.35 kg/V and p ld =^y^. 


Next, ^ =J0***- 

p, ron 9.35 kg 

and mgold =(9.35 kg)( ^% g”I ) =S 

P1.4 (a) p =m/V and V =(4/3 )nr 3 =(4/3)n(d/2f =nd 3 / 6, where d is the 

diameter. 

„ 6(l.67xl0“ 27 kg) |---Ti 

Then p =6 m/nd 3 =-^-^ = 2.3 xlO 17 kg/m 3 

F ^(2.4xl0- 15 m) 3 1 --- 1 

n . 2.3xlO 17 kg/m 3 r—— 13 .-~— -:- - -:- 1 

(b) - , - & - —t = 1.0x10 times the density of osmium 

22.6xlO 3 kg/m 3 I---1 




4 Physics and Measurement 


P1.5 


For either sphere the volume is V =— 7 ir 3 and the mass is 
4 

m =pV =p-7ir ?] . We divide this equation for the larger sphere by the 
same equation for the smaller: 

m f _p[4/3)nrf _rf 


*P1.6 


m s p[4/3)nr 2 r s 3 

Then r t =r s ^5 =(4.50 cm)^/5 = |7.69 cm| 

The volume of a spherical shell can be calculated from 
V=V 0 -V,=^(rt-rf) 


From the definition of density, p =—, so 


m =pV =p 


4 77 - Nr 3 r 3 ) 

4/rp(r 2 3 -r 1 3 ) 


3 


Section 1.2 Matter and Model Building 

P 1.7 From the figure, we may see that the spacing between diagonal planes 
is half the distance between diagonally adjacent atoms on a flat plane. 
This diagonal distance may be obtained from the Pythagorean 

theorem, /_ diag = \lL 2 +L 2 . Thus, since the atoms are separated by a 
distance L = 0.200 nm, the diagonal planes are separated by 


slL 2 +L 2 = [0141 nm|. 


P1.8 


(a) Treat this as a conversion of units using 

1 Cu-atom = 1.06 x 10” 25 kg, and 1 cm = 10” 2 m: 


density =(s 920 ^^ 


Cu-atom 


cm J ^1.06xl0" 25 kg J 


8.42 xlO 22 
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Chapter 1 5 


(b) Thinking in terms of units, invert answer (a): 



=|l.l9xl0 23 cm 3 /Cu-atomj 


(c) For a cube of side L, 

L 3 =1.19 xlCT 23 cm 3 -> L = [2.28xl0" s cm 


Section 1.3 Dimensional Analysis 

P1.9 (a) Write out dimensions for each quantity in the equation 


v f = + ax 


The variables ly and v i are expressed in units of m/s, so 

[^ = M = Lr* 


The variable a is expressed in units of m/s 2 ; [ a] = LT 2 

The variable x is expressed in meters. Therefore, [ax] = L 2 T” 2 
Consider the right-hand member (RHM) of equation (a): 
[RHM] = LT _1 +L 2 T- 2 

Quantities to be added must have the same dimensions. 
Therefore, [equation (a) is not dimensionally correct. | 

(b) Write out dimensions for each quantity in the equation 


y = (2 m) cos ( kx ) 


[y] = l 

[2 m] = L 


Fory, 
for 2 m. 



and for (kx), 


Therefore we can think of the quantity kx as an angle in radians, 
and we can take its cosine. The cosine itself will be a pure number 
with no dimensions. For the left-hand member (LHM) and the 
right-hand member (RHM) of the equation we have 

[LHM] =[y] =L [RHM] =[2m][cos (kx)] =L 
These are the same, so [equation (b) is dimensionally correct. | 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 












6 Physics and Measurement 


P1.10 


Pl.ll 


PI 12 


Circumference has dimensions L, area has dimensions L 2 , and volume 
has dimensions L 3 . Expression (a) has dimensions L(L 2 ) 1/2 = L 2 , 
expression (b) has dimensions L, and expression (c) has dimensions 
L(L 2 ) = L 3 . [The matches are: (a) and (f), (b) and (d), and (c) and (e).| 


(a) Consider dimensions in terms of their mks units. For kinetic 
energy K: 


[K] = 



[pf _kg-m 2 
kg s 2 


Solving for [p 2 \ and [p] then gives 

[ P f=^ - [p]=^ 


[The units of momentum are kg • m/s. | 

(b) Momentum is to be expressed as the product of force (in N) and 
some other quantity X. Considering dimensions in terms of their 
mks units, 

[N][X]=[p] 

k g m [vl_ k g m 
s 2 s 

[X]=s 


Therefore, the units of momentum are | N • s | . 


We substitute [kg] =[M], [m] =[L], and [ F ] =|~j into 

Newton's law of universal gravitation to obtain 

[M][L]_ [G][Mf 
[Tf [Lf 


Solving for [G] then gives 


[G] 


. [lt 

[Mir] 2 kg-s 2 


*P1.13 The term x has dimensions of L, a has dimensions of LT 1 , and t has 
dimensions of T. Therefore, the equation x =ka m t n has dimensions of 

L =(LT -2 ) m (T ) n or CT° =L m T n “ 2m 

The powers of L and T must be the same on each side of the equation. 
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Therefore, 

L 1 =L m and | m =1 | 

Likewise, equating terms in T, we see that n - 2m must equal 0. Thus, 
| n =2 | . The value of k, a dimensionless constant, 

| cannot be obtained by dimensional analysis | . 

PI. 14 Summed terms must have the same dimensions. 

(a) [X] = [At 3 ] + [Bt] 

L = [A ]T 3 + [6]T \[A] = L/T 3 , and [5] = L/t| . 

(b) [dx/dt]=[3Af]M.B]M/^, 


Section 1.4 Conversion of Units 

PI. 15 From Table 14.1, the density of lead is 1.13 x 10 4 kg/m 3 , so we should 
expect our calculated value to be close to this value. The density of 
water is 1.00 x 10 3 kg/m 3 , so we see that lead is about 11 times denser 
than water, which agrees with our experience that lead sinks. 

Density is defined as p =171 / V . We must convert to SI units in the 
calculation. 


( 23.94 g ^ 

if lkg 

(100 cm? 

P 1 2.10 cm 3 j 

IflOOOgJ 

1 lm 1 

_ f 23.94 g 

¥ lkg ' 

l/ 1 000 000 cm 3 \ 

U-10 cm 3 

Al°00g, 

)\ lm 3 J 

II 

X 

o 

kg/m 3 



Observe how we set up the unit conversion fractions to divide out the 
units of grams and cubic centimeters, and to make the answer come 
out in kilograms per cubic meter. At one step in the calculation, we 
note that one mi 11 i on cubic centimeters make one cubic meter. Our 
result is indeed close to the expected value. Since the last reported 
significant digit is not certain, the difference from the tabulated values 
is possibly due to measurement uncertainty and does not indicate a 
discrepancy. 
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8 Physics and Measurement 


P1.16 


P1.17 


P1.18 


PI. 19 


P1.20 


The weight flow rate is 



For a rectangle. Area = Length x Width. We use the conversion 
1 m = 3.281 ft. The area of the lot is then 


A =LW =(75.0 ft)f lm 1(125 ft)f lm 1 =|871 m 2 | 
V A 3.281 ft J' \ 3.281 ft J 1 - 1 


Apply the following conversion factors: 1 in = 2.54 cm, 1 d = 86 400 s, 
100 cm = lm, and 10 9 nm = 1 m. Then, the rate of hair growth per 
second is 



32 


in/day 


=|9.19 nm/s| 


(2.54 cm/in)(l0 2 m/cm)(l0 9 nm/m) 
86 400 s/day 


This means the proteins are assembled at a rate of many layers of 
atoms each second! 


The area of the four walls is (3.6 + 3.8 + 3.6 + 3.8) m x (2.5 m) = 37 m 2 . 
Each sheet in the book has area (0.21 m)(0.28 m) = 0.059 m 2 . The 
number of sheets required for wallpaper is 37 m 2 /0.059 m 2 = 629 sheets 
= 629 sheets(2 pages/1 sheet) = 1260 pages. 

| The number of pages in Volume 1 are insufficient. | 


We use the formula for the volume of a pyramid 
given in the problem and the conversion 43 560 ft 2 
= 1 acre. Then, 

V =Bh 

=^[(13.0 acres)(43 560 ft 2 /acre)] 

x(481 ft) 

=9.08 xlO 7 ft 3 
or 



ANS FIG. P1.20 


V =(9.08x10- ft^ 2 - 83 *^ 2 m3 ) 
= |2.57xlO 6 m 3 1 
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P1.21 


P1.22 


*P1.23 


*PL24 


To find the weight of the pyramid, we use the conversion 
1 ton = 2 000 lbs: 


(a) 

(b) 


F g =(2.50 tons/block)(2.00xl0 6 blocks)(2 000 lb/ton) 
= |l.00x IQ 10 lbs| 



2.70 xlO" 4 — 
_s 


(c) To find the time to fill a 1.00-m 3 tank, find the rate time/volume: 


2.70 xlO" 4 — 
s 


/ 2.70 x IQ" 4 m 3 
V 1 s , 


or 


and so: 


f 2.70 xlO" 4 m 3 ^ 

" J 1 s ^ 

l 1 s J 

U-70X10" 4 m 3 J 


3.70x 10 3 s( lh 1 =| 1.03 h| 
V 3 600 s J 1 - 1 


It is often useful to remember that the 1 600-m race at track and field 
events is approximately 1 mile in length. To be precise, there are 1 609 
meters in a mile. Thus, 1 acre is equal in area to 


f lmi2 ) 

(1609 ml 

{640 acres J 

l mi J 


4.05 x 10 3 m 2 | 


The volume of the interior of the house is the product of its length, 
width, and height. We use the conversion 1 ft = 0.304 8 m and 
100 cm = 1 m. 


V =LWH 

=294.5 m 3 = | 290 m 3 | 

=(294.5 m 3 ) p°^ m j =|2.9xlO s cm 3 ] 
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10 Physics and Measurement 


Both the 26-ft width and 8.0-ft height of the house have two significant 
figures, which is why our answer was rounded to 290 m 3 . 

PI.25 The aluminum sphere must be larger in volume to compensate for its 
lower density. We require equal masses: 

171 A =m Fe or p A1 V A1 =p Fe V Fe 
then use the volume of a sphere. By substitution, 

Pai^^ai 3 ] =P Fe ^( 2 - 00 cm ) 3 ] 


Now solving for the unknown, 
rl= j^j(2.00 cm) 3 
=23.3 cm 3 


/ 7.86 xlO 3 kg/m 3 'j 
\ 2.70xl0 3 kg/m 3 J 


(2.00 cm) 3 


P1.26 


Taking the cube root, \r M =2.86 cm| . 

The aluminum sphere is 43% larger than the iron one in radius, 
diameter, and circumference. Volume is proportional to the cube of the 
linear dimension, so this excess in linear size gives it the 
(1.43)(1.43)(1.43) = 2.92 times larger volume it needs for equal mass. 

The mass of each sphere is m M —p A] V M = ^ n ^ A ' rM 


and m Fe =p F( V Fe 


3 


Setting these masses equal. 


4 4 

3 Vu'i, =3 ws 


'= [^ 043)1 



The resulting expression shows that the radius of the aluminum sphere 
is directly proportional to the radius of the balancing iron sphere. The 
aluminum sphere is 43% larger than the iron one in radius, diameter, 
and circumference. Volume is proportional to the cube of the linear 
dimension, so this excess in linear size gives it the (1.43) 3 = 2.92 times 
larger volume it needs for equal mass. 
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P1.27 


P1.28 


PI 29 


We assume the paint keeps the same volume in the can and on the 
wall, and model the film on the wall as a rectangular solid, with its 
volume given by its "footprint" area, which is the area of the wall, 
multiplied by its thickness t perpendicular to this area and assumed to 
be uniform. Then, 

V=At gives t=Xc = 378 ^}° \ m3 =| 1.51 x 1(T* m| 

^ 25.0 m 


The thickness of 1.5 tenths of a millimeter is comparable to the 
thickness of a sheet of paper, so this answer is reasonable. The film is 
many molecules thick. 

(a) To obtain the volume, we multiply the length, width, and height 
of the room, and use the conversion 1 m = 3.281 ft. 


V =(40.0 m)(20.0m)(l2.0 m) 



|3.39xl0 5 ft 3 ] 


(b) The mass of the air is 

m=pj/ =(l.20 kg/m 3 )(9.60xlO 3 m 3 )=1.15xl0 4 kg 

The student must look up the definition of weight in the index to 
find 

Fg =mg =(l,15x 10 4 kg)(9.80 m/s 2 ) =1.13x 10 5 N 
where the unit of N of force (weight) is newtons. 

Converting newtons to pounds, 

F s =(1-13x10= =1 2.54x10* lb | 

(a) The time interval required to repay the debt will be calculated by 
dividing the total debt by the rate at which it is repaid. 

_ $16 trillion = _ $16 x 10 12 = | sn7 vr | 

$1000/s ($1000/s)(3.156 x 10 7 s/yr) 1 -^ 


(b) The number of bills is the distance to the Moon divided by the 
length of a dollar. 


N 


D _ 3.84x 10 8 m 
' £ 0.155 m 


= |2.48xlO 9 bibs] 


Sixteen trillion dollars is larger than this two-and-a-half billion 
dollars by more than six thousand times. The ribbon of bills 
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12 Physics and Measurement 


comprising the debt reaches across the cosmic gulf thousands of 
times. Similar calculations show that the bills could span the 
distance between the Earth and the Sun sixteen times. The strip 
could encircle the Earth's equator nearly 62 000 times. With 
successive turns wound edge to edge without overlapping, the 
dollars would cover a zone centered on the equator and about 
4.2 km wide. 

P1.30 (a) To find the scale size of the nucleus, we multiply by the scaling 

factor 



=6.79 x!0~ 3 ft 


or 

=(6.79 x 10” 3 

(b) The ratio of volumes is simply the ratio of the cubes of the radii: 

K, tom _ 4^r a 3 tom /3 J r atom V J d atom V 

^nucleus ^nucleus I ^ \ ^nucleus / V ^nucleus J 

( 1.06x10 m ^| =18.62 x 10 13 times as large I 

2.40 x 10“ 15 m J I- 


Section 1.5 Estimates and Order-of-M agnitudeCalculations 

P 1.31 Since we are only asked to find an estimate, we do not need to be too 
concerned about how the balls are arranged. Therefore, to find the 
number of balls we can simply divide the volume of an average-size 
living room (perhaps 15 ft x 20 ft x 8 ft) by the volume of an 
individual Ping-Pong ball. Using the approximate conversion 1 ft = 

30 cm, we find 

V Room = (15 ft)(20 ft)(8 ft)(30 cm/ft) 3 = 6 x 10 7 cm 3 

A Ping-Pong ball has a diameter of about 3 cm, so we can estimate its 
volume as a cube: 


V bM = (3 cm) (3 cm) (3 cm) ~ 30 cm' 
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The number of Ping-Pong balls that can fill the room is 
N « « 2 x 10 6 balls ~ llO 6 balls I 

''ban 1 - 1 

So a typical room can hold on the order of a million Ping-Pong balls. 
As an aside, the actual number is smaller than this because there will 
be a lot of space in the room that cannot be covered by balls. In fact, 
even in the best arrangement, the so-called "best packing fraction" is 



P1.32 (a) We estimate the mass of the water in the bathtub. Assume the tub 

measures 1.3 m by 0.5 m by 0.3 m. One-half of its volume is then 

V = (0.5)(1.3)(0.5)(0.3) = 0.10 m 3 
The mass of this volume of water is 

m water =p water V =(l 000 kg/m 3 )(o.lO m 3 ) =100 kg |~10 2 kg| 

(b) Pennies are now mostly zinc, but consider copper pennies f illi ng 
50% of the volume of the tub. The mass of copper required is 

"W* =P^V =(8 920 kg/m 3 )(o.lO m 3 ) =892 l| §-10 3 kg| 

P1.33 Don't reach for the telephone book or do a Google search! Think. Each 
full-time piano tuner must keep busy enough to earn a living. Assume 
a total population of 10 7 people. Also, let us estimate that one person in 
one hundred owns a piano. Assume that in one year a single piano 
tuner can service about 1 000 pianos (about 4 per day for 250 
weekdays), and that each piano is tuned once per year. 

Therefore, the number of tuners 

people)~[jbOtunirs] 

If you did reach for an Internet directory, you would have to count. 
Instead, have faith in your estimate. Fermi's own ability in making an 
order-of-magnitude estimate is exemplified by his measurement of the 
energy output of the first nuclear bomb (the Trinity test at 
Alamogordo, New Mexico) by observing the fall of bits of paper as the 
blast wave swept past his station, 14 km away from ground zero. 

P 1.34 A reasonable guess for the diameter of a tire might be 2.5 ft, with a 
circumference of about 8 ft. Thus, the tire would make 

(50 000 mi)(5 280 ft/mi)(l rev/8 ft) =3x 10 7 rev ~ |l0 7 rev | 
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14 Physics and Measurement 


Section 1.6 Significant Figures 

P1.35 We will use two different methods to determine the area of the plate 
and the uncertainty in our answer. 

METHOD ONE: We treat the best value with its uncertainty as a 
binomial, (21.3 ± 0.2) cm x (9.8 ± 0.1) cm, and obtain the area by 
expanding: 

A = [21.3(9.8)±21.3(0.1)±0.2(9.8)±(0.2)(0.1)]cm 2 

The first term gives the best value of the area. The cross terms add 
together to give the uncertainty and the fourth term is negligible. 

A = 1209 cm 2 ±4 cm 2 1 

METHOD TWO: We add the fractional uncertainties in the data. 

A =(21.3 cm)(9.8 
= 209 cm 2 ± 2% = 209 cm 2 ± 4 cm 2 


PI. 36 


PI. 37 


PI. 38 


(a) The ± 0.2 following the 78.9 expresses uncertainty in the last digit. 
Therefore, there are three significant figures in 78.9 ± 0.2. 

(b) Scientific notation is often used to remove the ambiguity of the 
number of significant figures in a number. Therefore, all the digits 
in 3.788 are significant, and 3.788 x 10 9 has |four| significant 
figures. 

(c) Similarly, 2.46 has three significant figures, therefore 2.46 x 10“ 6 
has | three) significant figures. 

(d) Zeros used to position the decimal point are not significant. 
Therefore 0.005 3 has | two| significant figures. 

Uncertainty in a measurement can be the result of a number of 
factors, including the skill of the person doing the measurements, 
the precision and the quality of the instrument used, and the 
number of measurements made. 

We work to nine significant digits: 


/ 365.242 199 d"| 

f 24h l 

f 60 min^) 

r 60s 

l lyr J 

lid j 

l lh J 

u min J 


4315 569 26.0 si 

(a) 756 +37.2 +0.83 +2 =796.03 -> 796 , since the number with the 

fewest decimal places is 2. 
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(b) (0.003 2){2s.f.}x(356.3){4s.f.} = 1.140 16 = {2 s.f.} [IT] 

(c) 5.620{4 s.f.} x 7T{> 4 s.f.} = 17.656 = {4 s.f.} 117.661 

P1.39 Let o represent the number of ordinary cars and s the number of sport 
utility vehicles. We know o = s + 0.947s = 1.947s, and o = s + 18. 

We eliminate o by substitution: 

S+18 =1.947s—> 0.947s =18 —> S =18 / 0.947 =[l9] 

P1.40 "One and one-third months" = 4/3 months. Treat this problem as a 
conversion: 

( lbar V12 months } r—- - - 1 

1. 4/3 months lyear j = | ^ bars/ Y ear | 

P1.41 The tax amount is $1.36 - $1.25 = $0.11. The tax rate is 
S0.il/Sl.25 =0.088 ( Ml 8.80% | 

P1.42 We are given the ratio of the masses and radii of the planets Uranus 
and Neptune: 

M r 

=1.19, and =0.969 

M U r v 

The definition of density is p = mass =—, where V =-nr 3 for a 
volume V 3 

sphere, and we assume the planets have a spherical shape. 

We know p LI =1.27 x 10 3 kg/m 3 . Compare densities: 


Pn s 

-M n /V n J 

MY 

iK' 

I JMm] 

MY 

Pu 

M v /V v ( 

MuJ 

Wn, 

I Mj 

Yn J 


=(l.l9)f—-—1 =1.307 9 
\ 0.969 J 


which gives 

p N =(l.3079)(l.27xl0 3 kg/m 3 ) = ^66x 10 3 kg/m 3 ~j 

P 1.43 Let s represent the number of sparrows and m the number of more 

interesting birds. We know s/m = 2.25 and s + m = 91. 

We eliminate m by substitution: 

m =S/ 2.25 -> S +S/2.25 =91 -> 1.444s =91 
TfS =91/1.444 = 611 
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P1.44 


*P1.45 


P1.46 


We require 

sin 6 =-3cos 0, or ^ ® =tan 0 =-3 
cos 0 

For tan _1 (-3) = arctan(-3), your calculator 
may return -71.6°, but this angle is not 
between 0° and 360° as the problem 
requires. The tangent function is negative 
in the second quadrant (between 90° and 180°) and in the fourth 
quadrant (from 270° to 360°). The solutions to the equation are then 

360° - 71.6° = 1288° | and 180° - 71.6 = |l08°| 



ANS. FIG. P1.44 


(a) 


ANS. FIG. PI.45 shows that the hypotenuse 
of the right triangle has a length of 9.00 m 
and the unknown side is opposite the angle 
(j). Since the two angles in the triangle are 
not known, we can obtain the length of the 
unknown side, which we will represent as 
s, using the Pythagorean Theorem: 

S 2 +(6.00 m) 2 = (9.00 m) 2 

S 2 =(9.00 m) 2 -(6.00 m) 2 = 45 



which gives S =|6.71 m~|. We express all of our answers in three 
significant figures since the lengths of the two known sides of the 
triangle are given with three significant figures. 

(b) From ANS. FIG. PI.45, the tangent of 6 is equal to ratio of the 
side opposite the angle, 6.00 m in length, and the side adjacent to 
the angle, s = 6.71 m, and is given by 


6.00 m 6.00 m 


(c) From ANS. FIG. PI.45, the sine of 0 is equal to ratio of the side 
opposite the angle, s = 6.71 m, and the hypotenuse of the triangle, 
9.00 m in length, and is given by 


sin 0 = 


9.00 m 9.00 m 


For those who are not familiar with solving 
equations numerically, we provide a detailed 
solution. It goes beyond proving that the 
suggested answer works. 

The equation 7x - 3x 3 + 5x - 70 = 0 is quartic, so 



ANS. FIG.P1.46 
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we do not attempt to solve it with algebra. To find how many real 
solutions the equation has and to estimate them, we graph the 
expression: 


X 

-3 

-2 

-1 

0 

1 

2 

3 

4 

y = 2 x 4 - 3 x 3 + 5x - 70 

158 

-24 

-70 

-70 

-66 

-52 

26 

270 


We see that the equation y = 0 has two roots, one around x = -2.2 and 
the other near x = +2.7. To home in on the first of these solutions we 
compute in sequence: 

When x = -2.2, y = -2.20. The root must be between x = -2.2 and x = -3. 
When x = -2.3, y = 11.0. The root is between x = -2.2 and x = -2.3. 
When x = -2.23, y = 1.58. The root is between x = -2.20 and x = -2.23. 
When x = -2.22, y = 0.301. The root is between x = -2.20 and -2.22. 
When x = -2.215, y = -0.331. The root is between x = -2.215 and -2.22. 
We could next try x = -2.218, but we already know to three-digit 
precision that the root is x = -2.22. 

P1.47 When the length changes by 15.8%, the mass changes by a much larger 
percentage. We will write each of the sentences in the problem as a 
mathematical equation. 

Mass is proportional to length cubed: m = kt, where k is a constant. 
This model of growth is reasonable because the lamb gets thicker as it 
gets longer, growing in three-dimensional space. 

At the initial and final points, m j =kf j and m f =kf f 
Length changes by 15.8%: 15.8% of t means 0.158 times t. 

Thus l. + 0.158 l. = l f and l f = 1.158 f,. 

Mass increases by 17.3 kg: m i + 17.3 kg = m f 

Now we combine the equations using algebra, eliminating the 
unknowns t v i f , k, and m i by substitution: 

From t f = 1.158 l t , we have i) =1.158 3 ^ =1.553 i) 

Then 

m f =k£) =k (l.553)£ 3 =1.553 M] =1.553m, and m, =m f / 1.553 

Next, 

m i + 17.3 kg = m f becomes m f /1.553 + 17.3 kg = m f 
Solving, 17.3 kg = m f - m f /1.553 = m f (1 -1/1.553) = 0.356 m f 
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P1.48 


P1.49 


P1.50 


and 


, 17.3 kg 
0.356 


=| 48 - 6k g|- 


We draw the radius to the initial point and the 
radius to the final point. The angle 9 between these 
two radii has its sides perpendicular, right side to 
right side and left side to left side, to the 35° angle 
between the original and final tangential directions 
of travel. A most useful theorem from geometry then 
identifies these angles as equal: 9 = 35°. The whole 
circumference of a 360° circle of the same radius is 
2kR. By proportion, then 
2k R _840 m 
360° 35°~ 



ANS. FIG. P1.48 


R=\ 


'360° 

. 2k . 


^ 840mA 
v 35° J 


_840 m 
" 0.611 


= 1.38xl0 3 m 


We could equally well say that the measure of the angle in radians is 


.J2k radians^ 


=0.611 rad = 


840 m 


Solving yields R = 1.38 km. 

Use substitution to solve simultaneous equations. We substitute p = 3q 
into each of the other two equations to eliminate p: 

3cr =qs 

hqr 2 


These simplify to 


3 r=s 


2 , assuming 0. 


[3 r 2 +s" =f' 

We substitute the upper relation into the lower equation to eliminate s: 
3r 2 +(3 rf =f I2r 2 =12 


r 


We now have the ratio of t to r: 


- =±s/l2 =d3.46 
r 


First, solve the given equation for At: 


4 QL 


J 4 Qf- 


kKcf(T h -T c ) [br(T h 


urn 
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P1.51 


P1.52 


(a) Making d three times larger with d 2 in the bottom of the fraction 
makes At | nine times smaller] . 


(b) | At is inversely proportional to the square of d. | 

(c) | Plot At on the vertical axis and 1 /(f on the horizontal axis. | 


(d) From the last version of the equation, the slope is 

14 QL / kn;(T h -T c )\ . Note that this quantity is constant as both At 
and d vary. 

(a) The fourth experimental point from the top is a circle: this point 
lies just above the best-fit curve that passes through the point 
(400 cm 2 , 0.20 g). The interval between horizontal grid lines is 
1 space = 0.05 g. We estimate from the graph that the circle has a 
vertical separation of 0.3 spaces = 10.015 g | above the best-fit 
curve. 


(b) The best-fit curve passes through 0.20 g: 

Mj) xl oo=® 

(c) The best-fit curve passes through the origin and the point 
(600 cm 3 ,3.1 g). Therefore, the slope of the best-fit curve is 


slope = 


( 3i o= 

5.2 xlO' 3 —^ 

U00 cm 3 ) 

cm 


(d) 


(e) 


For shapes cut from this copy paper, the mass of the cutout 
is proportional to its area. The proportionality constant is 
5.2 g/m 2 ±8%, where the uncertainty is estimated. 


This result is to be expected if the paper has thickness and 
density that are uniform within the experimental uncertainty. 


(f) The slope is the areal density of the paper, its mass per unit area. 


r = (6.50 ±0.20) cm = (6.50 ± 0.20) xlO" 2 m 
m =(1.85 +0.02 )kg 
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also. 


dp _Sm + 3 Sr 
p m r 


In other words, the percentages of uncertainty are cumulative. 
Therefore, 


^ 00 ^ 3 ( 020 ) 
p 1.85 6.50 

p = . , 1-85 - tj =11.61 x 10 3 kg/m 3 1 

(|)^(6.5xl0- 2 m) 3 1 --- 1 


then Sp =0.103p =| 0.166 xlO 3 kg/m 3 


*P1.53 


and p ±Sp = [(m ±0.17)x 10 3 kg/m 3 1 =(l.6 ±0.2)x 10 3 kg/m 3 . 

The volume of concrete needed is the sum of the 
four sides of sidewalk, or 

V =21/, +2V 2 =2(1/, +V 2 ) 

The figure on the right gives the dimensions 
needed to determine the volume of each portion of A N S. FI G. P1.53 

sidewalk: 


I- 19.0 m > | 




■ 

p 10 -° m 



J 


V 1 =(17.0 m +1.0 m +1.0 m)(l.O m)(0.09 m) =1.70 m 3 
V 2 =(10.0 m)(l.O m)(0.090 m) =0.900 m 3 
V =2(1.70 m 3 +0.900 m 3 ) = | 5.2 m 3 | 


The uncertainty in the volume is the sum of the uncertainties in each 
dimension: 


Si, 

t x 

dw 1 
w, 
St^ 
t, 


_0.12m 
" 19.0 m 
0.01m 


1.0 m 
0.1 cm 


=0.0063 

= 0.010 

= 0.011 


=0.006 +0.010 +0.011 =0.027 = | 3% | 
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Additional Problems 

P1.54 (a) Let d represent the diameter of the coin and h its thickness. The 

gold plating is a layer of thickness t on the surface of the coin; so, 
the mass of the gold is 

m=pV +7rd/ijt 

= ( 19 ’ 3 cm^)[^^~T~^~ +n[2Al cm)(0.178 cm)j 
x(l.8xl0“ 7 m) 

=0.003 64 g 

and the cost of the gold added to the coin is 

cost =(0.003 64 g)|^j =$0,036 4 = |3.64 cents) 

(b) [The cost is negligible compared to $4.98.| 

P1.55 It is desired to find the distance x such that 
x _ 1 000 m 
100 m _ x 

(i.e., such that x is the same multiple of 100 m as the multiple that 
1 000 m is of x). Thus, it is seen that 

x 2 = (100 m)(l 000 m) = 1.00 x 10 5 m 2 
and therefore 

x=Vl.00xl0 5 m 2 = | 316 m| 

P1.56 (a) A Google search yields the following dimensions of the intestinal 

tract: 

small intestines: length = 20 ft = 6 m, diameter = 1.5 in = 4 cm 
large intestines: length = 5 ft = 1.5 m, diameter = 2.5 in = 6 cm 
Treat the intestines as two cylinders: the volume of a cylinder of 
diameter d and length Lis V =J ^cfL. 
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P1.57 


P1.58 


The volume of the intestinal tract is 
'/='/ sma n+'4 rg e 

V =^-(0.04m) 2 (6m)+^-(0.06m) 2 (l.5m) 
=0.0117 m 3 = 1CT 2 m 3 


Assuming 1% of this volume is occupied by bacteria, the volume 
of bacteria is 

\^=(l0^m 3 )(0.0l)=10-* m 3 

Treating a bacterium as a cube of side L = 10” 6 m, the volume of 
one bacterium is about L 3 = 10” 18 m 3 . The number of bacteria in the 
intestinal tract is about 


(10- 4 


( 1 bacterium^ 

l 10“ 18 m 3 J 


= 10 bacteria! 


(b) The large number of bacteria suggests they must be | beneficial] , 
otherwise the body would have developed methods a long time 
ago to reduce their number. It is well known that certain types of 
bacteria in the intestinal tract are beneficial: they aid digestion, as 
well as prevent dangerous bacteria from flourishing in the 
intestines. 


We simply multiply the distance between the two galaxies by the scale 
factor used for the dinner plates. The scale factor used in the "dinner 
plate" model is 


[l.O 


0.25 m 


xlO 5 light-years 


=2.5 xlO -6 m/ly 


The distance to Andromeda in the scale model will be 

D rak =D„ on , 1 S=(2.0xl0‘ ly)(2.5xl0^ m/ly) = [5^ 


Assume the winner counts one dollar per second, and the winner tries 
to maintain the count without stopping. The time interval required for 
the task would be 


$10 6 



f 1 hour \ 

f 1 work week 'j 

l$lj 

13600 s J 

l 40 hours J 


=6.9 work weeks. 


The scenario has the contestants succeeding on the whole. But the 
calculation shows that is impossible. It just takes too long! 
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P1.59 


P1.60 


PI 61 


We imagine a top view to figure 
the radius of the pool from its 
circumference. We imagine a 
straight-on side view to use 
trigonometry to find the height. 

Define a right triangle whose legs 
represent the height and radius of 
the fountain. From the dimensions 
of the fountain and the triangle, 
the circumference is C =2 nr and 
the angle satisfies tan0 =h/ r. 


Then by substitution 


■■(s 


h =rtanp =1 Itanp 


Evaluating, 



ANS. FIG. P1.59 


h f^ jtan 55 , 0 = | 3.41 m| 


When we look at a three-dimensional system from a particular 
direction, we may discover a view to which simple mathematics 
applies. 


The fountain has height h; the pool has circumference C with radius r. 
The figure shows the geometry of the problem: a right triangle has 
base r, height h, and angle p. From the triangle, 

tan (j> = h/r 

We can find the radius of the circle from its 
circumference, C =2 nr, and then solve for the height 
using 

rr- - ~ 7- -vzrjz | ANS. FIG. P1.60 

h =rtanp =(tanp )C/2n 



The density of each material is p =— 


m _ 4m 
nr 2 h nD 2 h 


Al: p = 


4(51-5 g) 


n (2.52 cm ) 2 (3.75 cm) 


2.75 —; this is 2% larger 
cm 


Cu: p = 


than the tabulated value, 2.70 g/cm 3 . 
4(56.3 g) 


7r(l.23 cm) 2 (5.06 cm) 


9.36-h—; this is 5% larger 
cm 


than the tabulated value, 8.92 g/cm 3 . 
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P1.62 


P1.63 


U 4(94.4 g) 

brass: w—-\ 

7r(l.54 cm) (5.69 cm) 

than the tabulated value, 8.47 g/cm 3 . 

Sn -p=__ 

^(l.75cm) 2 (3.74cm) 
than the tabulated value, 7.31 g/cm 3 . 

Pe-p__ 

x(l.89 cm) 2 <9.77 cm) 
than the tabulated value, 7.86 g/cm 3 . 

The volume of the galaxy is 

nr 2 t=n[ 10 21 m) 2 (l0 19 m)~10 61 m 3 

If the distance between stars is 4 x 10 16 , then there is one star in a 
volume on the order of 

(4 x 10 16 m) 3 ~10 5 ° m 3 


7.88—this is 0.3% larger 
cm_ 


7.68 —; this is 5% larger 
cm_ 


8.91 —; this is 5% larger 
cm_ 


10 61 m 3 _ 

The number of stars is about —-— -10 11 stars . 

10 50 m 3 /star 1 - 1 

We define an average national fuel consumption rate based upon the 
total miles driven by all cars combined. In symbols, 

, . . total miles driven 

fuel consumed =--—-- 

average fuel consumption rate 

or 


c 


For the current rate of 20 mi/gallon we have 

f J^^^^ =5xwWg!i/yi 


Since we consider the same total number of miles driven in each case, 
at 25 mi/gal we have 


_ (lOO x 10 6 cars )(l0 4 (mi/yr)/car) 
25 mi/ gal 


= 4 x 10 10 gal/yr 


Thus we estimate a change in fuel consumption of 

A f =4xl0 10 gal/yr - 5 x 10 10 gal/yr = |-lxlQ 10 galTyr] 
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The negative sign indicates that the change is a reduction. It is a fuel 
savings of ten billion gallons each year. 

(a) The mass is equal to the mass of a sphere of radius 2.6 cm and 
density 4.7 g/cm 3 , minus the mass of a sphere of radius a and 
density 4.7 g/cm 3 , plus the mass of a sphere of radius a and 
density 1.23 g/cm 3 . 

m=p 1 ^r 3 j-p 1 ^a 3 j+p 2 ^a 3 j 

=^7rj[(4.7 g/cm 3 )(2.6 cm) 3 -(4.7 g/cm 3 )a 3 


+(l.23 g/cm 3 )a 3 


m = | 346 g - (l4.5 g/cm 3 ) a 3 1 
(b) The mass is maximum for |a=0| . 


(d) |Yes| . This is the mass of the uniform sphere we considered in the 
first term of the calculation. 

(e) | No change, so long as the wall of the shell is unbroken. | 

Answers may vary depending on assumptions: 

typical length of bacterium: L = 10“ 6 m 
typical volume of bacterium: L 3 = 10” 18 m 3 

surface area of Earth: A =4 nr 2 =47r(6.38xl0 6 m) 2 =5.12xl0 14 m 2 

(a) If we assume the bacteria are found to a depth d = 1000 m below 
Earth's surface, the volume of Earth containing bacteria is about 

V =(4nr 2 )d=5.12xl0 17 m 3 

If we assume an average of 1000 bacteria in every 1 mm 3 of 
volume, then the number of bacteria is 


(1000 bacteria Y 10 mm 


(5.12x 10 17 m 3 )- |5.12xl0 29 bacterial 


(b) Assuming a bacterium is basically composed of water, the total 


(l ° M baCferia) ( 1 bacterium)!Tm^) 
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P1.66 


P1.67 


The rate of volume increase is 


rfr rH- 1 Q ' 1 rH- ' ' rH- 


dt dty 3 


(a) 


d\/ 

at 


=47t(6.5 cm) 2 (0.9 cm/s) = |478 cm 3 7s] 


(b) The rate of increase of the balloon's radius is 
dr _dM/dt _ 478 cm 3 /s 


dt Anr 2 4tt( 13 cm) : 


■=[0225 cm/s] 


(c) 


When the balloon radius is twice as large, its surface area is 
four times larger. The new volume added in one second in 
the inflation process is equal to this larger area times an extra 
radial thickness that is one-fourth as large as it was when the 
balloon was smaller. 


(a) We have B + C(0) = 2.70 g/cm 3 and B + C(14 cm) = 19.3 g/cm 3 . 
We know | B =2.70 g/cm 3 1 , and we solve for C by subtracting: 


C(14 cm) = 19.3 g/cm -B = 16.6 g/cm , so |C =1.19 g/cm 4 1 
(b) The integral is 

m =(9.00 cm 2 )J Q 14cm (B +Cx)dx 


=(9.00 cm 2 )[^Bx +—x 2 


m = (9.00 cm 2 ){(2.70 g/cm 3 )(14 cm -0) 

+(l.l9 g/cm 4 / 2)[(14 cm) 2 - 0]} 
= 340 g +1046 g = 1390 g = 11.39 kg | 
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P1.68 


P1.69 


The table below shows a in degrees, a in radians, tan(a), and sin(a) for 
angles from 15.0° to 31.1°: 


Of (deg) 

a (rad) 

tan(a) 

sin(a) 

difference between 

a and tan a 

15.0 

0.262 

0.268 

0.259 

2.30% 

20.0 

0.349 

0.364 

0.342 

4.09% 

30.0 

0.524 

0.577 

0.500 

9.32% 

33.0 

0.576 

0.649 

0.545 

11.3% 

31.0 

0.541 

0.601 

0.515 

9.95% 

31.1 

0.543 

0.603 

0.516 

10.02% 


We see that a in radians, tan(a), and sin(a) start out together from zero 
and diverge only slightly in value for small angles. Thus |31.0°| is the 

largest angle for which ^ na —— <0.1. 

tana 


We write "millions of cubic feet" as 10 6 ft 3 , and use the given units of 
time and volume to assign units to the equation. 

\/ =(1.50 x 10 6 ft 3 /mo)t+(0.008 00 x 10 6 ft 3 /mo 2 )f 2 
To convert the units to seconds, use 

1 month =(30.0 =2-59xl0 6 s 

to obtain 


L _ ft 3 ^ 

( 1 mo V 

= 1.50x10 - 

- t- M 

l moj 

^2.59xl0 6 s ) 


+f0.008 OOxlO 6 *T n < 

i, mo 2 2.59x10' 

=(0.579 ft 3 /s)t+(1.19xl0“ 9 ft 3 /s 2 )f 2 


f 2 


or 

V = [0T>79f+1.19xl0~ 9 t 2 ] 

where V is in cubic feet and t is in seconds. The coefficient of the first 
term is the volume rate of flow of gas at the beginning of the month. 
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The second term's coefficient is related to how much the rate of flow 
increases every second. 

P1.70 (a) and (b), the two triangles are shown. 



x x - 1.00 km 


ANS. FIG. P 1.70(a) ANS. FIG. P1.70(b) 

(c) From the triangles, 

tan 12.0° =-^>\y =xtanl2.0°| 
x 1 - 1 


P1.71 


and tanl4.0°=-—->|y=(x-1.00 km)tan 14.0°I 

(x-1.00 km) ---1 


(d) Equating the two expressions for y, we solve to find |y = 1.44 km. 


Observe in Fig. 1.71 that the radius of the horizontal cross section of 
the bottle is a relative maximum or minimum at the two radii cited in 
the problem; thus, we recognize that as the liquid level rises, the time 
rate of change of the diameter of the cross section will be zero at these 
positions. 


The volume of a particular thin cross section of the shampoo of 
thickness h and area A is V = Ah, where A =nr 2 =nD 2 /4. Differentiate 
the volume with respect to time: 


dV A dh dA . dh d. 2 , . dh dr 

— =A — +h— =A — +h—(nr) =A — +2 nhr— 
dt dt dt dt dz dt dt 


Because the radii given are a maximum and a minimum value, 
dr/dt = 0, so 

d\/ _ dh _ 1 dV 1 dV 4 dV 

- \-A — =Av-> v= -=—^-=—r-— 

dt dt A dt kD 2 / 4 dt nD dt 


where v = dh/dt is the speed with which the level of the fluid rises, 
(a) For D = 6.30 cm, 

\/=---=-(16.5 cm 3 /s) =|0.529 cm/s I 

^(6.30 cm) 2 V ; 1 -^ 
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(b) For D = 1.35 cm. 


\/=---=-(16.5 cm 3 /s) =111.5 cm/s I 

7t( 1.35 cm) 2 V ' 1 - 


Challenge Problems 

P1.72 The geometry of the problem is shown below. 



x x-d d 

the mountaintop seen the mountaintop seen from the relationship of both triangles 

from distance x a closer distance x-d 


A NS. FIG. P1.72 

From the triangles in ANS. FIG. PI.72, 
y 

tan # =— —> y =Xtan 6 
x 


and 


tan0 = 


x-d 


> y =(x- d)tan0 


Equate these two expressions for y and solve for x: 

xtan 6 =(x-c/)tan0 dtarup =x(tan0- tan0) 
x _ c/tan b 
tan 0- tan 6 


Take the expression for x and substitute it into either expression for y: 


y 


=xtan0 = 


c/tan 0 tan# 
tan 0- tan# 
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P1.73 


The geometry of the problem suggests we 
use the law of cosines to relate known sides 
and angles of a triangle to the unknown 
sides and angles. Recall that the sides a, b, 
and c with opposite angles A, B, and C have 
the following relationships: 

£ =£ +£ - IbecosA 
£ =c 2 +£-2cacosB 


c 2 =£ +£ -labcosC 



object C 


ANS. FIG. P1.73 


For the cows in the meadow, the triangle has 
sides a = 25.0 m and 

b = 15.0 m, and angle C = 20.0°, where object A = cow A, 
object B = cow B, and object C = you. 


(a) Find side c: 


c 2 = £ + £ - labcosC 
£= (25.0 m) 2 + (15.0 m) 2 

- 2(25.0 m)(15.0 m) cos (20.0°) 
C= |12.1 m| 


(b) Find angle A: 

£=£+£- 2 be cos A 

„ £-£-£ (25.0 m) 2 -(15.0 m) 2 -(12.1m) 2 

2 be 2(15.0 m)(12.1 m) 

-> A =134.8° = fl35 g [ 


(c) Find angle B: 

£=£+£- leacos B -» 

£-£-£ (15.0 m) 2 -(25.0 m) 2 -(12.1 m) 2 


cos B = 


lea 


2(25.0 m)(12.1 m) 


(d) For the situation, object A = star A, object B = star B, and object 
C = our Sun (or Earth); so, the triangle has sides a = 25.0 ly, 
b = 15.0 ly, and angle C = 20.0°. The numbers are the same, except 
for units, as in part (b); thus, [angle A =135°.| 
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NSWERS TO EVEN-NUMBERED PROBLEMS 


P1.2 2.15 x 10 4 kg/m 3 

P1.4 (a) 2.3 x 10 17 kg/m 3 ; (b) 1.0 x 10 13 times the density of osmium 

PL6 'M'?-'?) 

3 

P1.8 (a) 8.42 xlO 22 Cu ~ at ° m ; (b) 1.19 xl0~ 23 cm 3 /Cu-atom; 

cm 

(c) 2.28 x 10“ 8 cm 

P1.10 (a) and (f); (b) and (d); (c) and (e) 

PL 12 

kg-s 2 

PI. 14 (a) [A] = L/T 3 and [B] = L/T; (b) L/T 

P1.16 667 lb/s 

P1.18 9.19 nm/s 

P1.20 2.57 x 10 6 m 3 

P1.22 (a) 7.14xlO" 2 ^ 1 ; (b) 2.70xlO" 4 — ; (c) 1.03h 

s s 

P1.24 290 m 3 ,2.9 x 10 8 cm 3 

P1.26 r Fe (1.43) 

P1.28 (a) 3.39 x 10 5 ft 3 ; (b) 2.54 x 10 4 lb 

P1.30 (a) 2.07 mm; (b) 8.62 x 10 13 times as large 

P1.32 (a) ~ 10 2 kg; (b) ~ 10 3 kg 

P1.34 10 7 rev 

P1.36 (a) 3; (b) 4; (c) 3; (d) 2 

P1.38 (a) 796; (b) 1.1; (c) 17.66 

P1.40 9 bars / year 

P1.42 1.66 x 10 3 kg/m 3 

P1.44 288°; 108° 

P1.46 See PI.46 for complete description. 

P1.48 1.38 x 10 3 m 
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P1.50 (a) nine times smaller; (b) At is inversely proportional to the square of 

d; (c) Plot At on the vertical axis and 1/d 2 on the horizontal axis; 

(d) 4QL/hr(T h -T c ) 

P1.52 1.61xl0 3 kg/m 3 , 0.166xlO 3 kg/m 3 , (1.61 ± 0.17)xlO 3 kg/m 3 

P1.54 3.64 cents; the cost is negligible compared to $4.98. 

P1.56 (a) 10 14 bacteria; (b) beneficial 

P1.58 The scenario has the contestants succeeding on the whole. But the 
calculation shows that is impossible. It just takes too long! 

P1.60 h=rtan^» =(tan6)C/2n 

P1.62 10 11 stars 

P1.64 (a) m = 346 g - (14.5 g/cm 3 )« 3 ; (b) a = 0; (c) 346 g; (d) yes; (e) no change 

P1.66 (a) 478 cm 3 /s; (b) 0.225 cm/s; (c) When the balloon radius is twice 

as large, its surface area is four times larger. The new volume 
added in one second in the inflation process is equal to this larger 
area times an extra radial thickness that is one-fourth as large as it 
was when the balloon was smaller. 

P1.68 31.0° 

P1.70 (a-b) see ANS. FIG. P1.70(a) and P1.70(b); (c) y = x tanl2.0° and 

y = {x- 1.00 km) tanl4.0°; (d) y = 1.44 km 

pL72 dtan0tan6> 

tan</>-tan0 
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v ±0) only statements (b) and (c) are true. Statement (e) is not true in 
either case. 


OQ2.3 


OQ2.4 


OQ2.5 


The bowling pin has a constant downward acceleration while in flight. 
The velocity of the pin is directed upward on the ascending part of its 
flight and is directed downward on the descending part of its flight. 
Thus, only (d) is a true statement. 

The derivation of the equations of kinematics for an object moving in 
one dimension was based on the assumption that the object had a 
constant acceleration. Thus, (b) is the correct answer. An object would 
have constant velocity if its acceleration were zero, so (a) applies to 
cases of zero acceleration only. The speed (magnitude of the velocity) 
will increase in time only in cases when the velocity is in the same 
direction as the constant acceleration, so (c) is not a correct response. 
An object projected straight upward into the air has a constant 
downward acceleration, yet its position (altitude) does not always 
increase in time (it eventually starts to fall back downward) nor is its 
velocity always directed downward (the direction of the constant 
acceleration). Thus, neither (d) nor (e) can be correct. 


The maximum height (where v = 0) reached by a freely falling object 
shot upward with an initial velocity v 0 = +225 m/s is found from 
*4 =vf +2a(y f -y,) =vf +2 aAy, where we replace a with -g, the 
downward acceleration due to gravity. Solving for Ay then gives 


_ -(225 m/s f 
2a 2(-g) 2(-9.80 m/s 2 ) 


=2.58 xlO 3 m 


Thus, the projectile will be at the Ay = 6.20 x 10 2 m level twice, once on 
the way upward and once coming back down. 

The elapsed time when it passes this level coming downward can be 
found by using \f f =vf +2 aAy again by substituting a = -g and solving 
for the velocity of the object at height (displacement from original 
position) Ay = +6.20 x 10 2 m. 


\4 =vf +2 aAy 

V 2 =(225 m/s) 2 +2(-9.80 m/s 2 )(6.20xl0 2 m) 
v = ±196 m/s 
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OQ2.6 

OQ2.7 

OQ2.8 

OQ 2.9 

OQ2.10 


The velocity coming down is -196 m/s. Using v f = v t + at, we can solve 
for the time the velocity takes to change from +225 m/s to -196 m/s: 


v f~ v i) _(—196 m/s-225 m/s) _ 40n „ 

t =-=-7-rt-=43.0 s. 

a -9.80 m/s 2 


The correct choice is (e). 


Once the arrow has left the bow, it has a constant downward 
acceleration equal to the free-fall acceleration, g. Taking upward as the 
positive direction, the elapsed time required for the velocity to change 
from an initial value of 15.0 m/s upward (v 0 = +15.0 m/s) to a value of 
8.00 m/s downward (v f = -8.00 m/s) is given by 



a 


-9 


-8.00 m/s - (+15.0 m/s) 
-9.80 m/s 2 


=2.35 s 


Thus, the correct choice is (d). 

(c) The object has an initial positive (northward) velocity and a 
negative (southward) acceleration; so, a graph of velocity versus time 
slopes down steadily from an original positive velocity. Eventually, the 
graph cuts through zero and goes through increasing-magnitude¬ 
negative values. 

(b) Using v\ =vf +2aAy, with = -12 m/s and Ay = -40 m: 


\f f =vf +2aAy 

V 2 =(-12 m/s) 2 +2(-9.80 m/s 2 )(-40 m) 
v =-30 m/s 

With original velocity zero, displacement is proportional to the square 
of time in (1/2 )at z . Making the time one-third as large makes the 
displacement one-ninth as large, answer (c). 

We take downward as the positive direction with y = 0 and t = 0 at the 
top of the cliff. The freely falling marble then has v 0 = 0 and its 
displacement at t = 1.00 s is Ay = 4.00 m. To find its acceleration, we 
use 


y =y 0 +v 0 t +| at 2 -> (y- y 0 ) =Ay =| at 2 -»a 


_ 2A y 

~~r 


_2(4.00m) _ 
” (l.OO s) 2 


=8.00 m/s 2 
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The displacement of the marble (from its initial position) at t = 2.00 s is 
found from 

Ay =\* 

Ay =| (8.00 m/s 2 )(2.00 sf =16.0 m. 

The distance the marble has fallen in the 1.00 s interval from t = 1.00 s 
to t = 2.00 s is then 

Ay = 16.0 m - 4.0 m = 12.0 m. 
and the answer is (c). 

OQ2.11 In a position vs. time graph, the velocity of the object at any point in 
time is the slope of the line tangent to the graph at that instant in time. 
The speed of the particle at this point in time is simply the magnitude 
(or absolute value) of the velocity at this instant in time. The 
displacement occurring during a time interval is equal to the difference 
in x coordinates at the final and initial times of the interval, 

Ax = x f -x i . 

The average velocity during a time interval is the slope of the straight 
line connecting the points on the curve corresponding to the initial and 
final times of the interval, 

v =Ax/A t 

Thus, we see how the quantities in choices (a), (e), (c), and (d) can all 
be obtained from the graph. Only the acceleration, choice (b), cannot be 
obtained from the position vs. time graph. 

0 Q 2.12 We take downward as the positive direction with y = 0 and t = 0 at the 
top of the cliff. The freely falling pebble then has v 0 = 0 and a = g = 

+9.8 m/s 2 . The displacement of the pebble at t = 1.0 s is given: y, = 

4.9 m. The displacement of the pebble at t = 3.0 s is found from 

y 3 ^t+^at 2 =0 +^(9.8 m/s 2 )(3.0 s) 2 =44 m 

The distance fallen in the 2.0-s interval from t = 1.0 s to t = 3.0 s is then 
Ay= y 3 - Vi = 44 m - 4.9 m = 39 m 
and choice (c) is seen to be the correct answer. 

0 Q 2.13 (c) They are the same. After the first ball reaches its apex and falls back 
downward past the student, it will have a downward velocity of 
magnitude v { . This velocity is the same as the velocity of the second 
ball, so after they fall through equal heights their impact speeds will 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 



Chapter 2 37 


also be the same. 

0 Q 2.14 (b) Above. Your ball has zero initial speed and smaller average speed 
during the time of flight to the passing point. So your ball must travel a 
smaller distance to the passing point than the ball your friend throws. 

0 Q 2.15 Take down as the positive direction. Since the pebble is released from 
rest, v 2 f =vf +2 aAy becomes 

\4 =(4 m/s) 2 =0 2 +2 gh. 

Next, when the pebble is thrown with speed 3.0 m/s from the same 
height h, we have 

=(3 m/s) 2 +2gh=(3 m/s) 2 +(4 m/s) 2 —» v f =5 m/s 

and the answer is (b). Note that we have used the result from the first 
equation above and replaced 2 gh with (4 m/s) 2 in the second equation. 

0 Q 2.16 Once the ball has left the thrower's hand, it is a freely falling body with 
a constant, nonzero, acceleration of a = -g. Since the acceleration of the 
ball is not zero at any point on its trajectory, choices (a) through (d) are 
all false and the correct response is (e). 

OQ2.17 (a) Its speed is zero at points B and D where the ball is reversing its 

direction of motion. Its speed is the same at A, C, and E because these 
points are at the same height. The assembled answer isA = C = E>B = 
D. 

(b) The acceleration has a very large positive (upward) value at D. At 
all the other points it is -9.8 m/s 2 . The answer isD>A = B = C = E. 

O Q 2.18 (i) (b) shows equal spacing, meaning constant nonzero velocity and 
constant zero acceleration, (ii) (c) shows positive acceleration 
throughout, (iii) (a) shows negative (leftward) acceleration in the first 
four images. 


lNSWERS to conceptual questions 


CQ2.1 The net displacement must be zero. The object could have moved 
away from its starting point and back again, but it is at its initial 
position again at the end of the time interval. 

CQ2.2 Tramping hard on the brake at zero speed on a level road, you do not 
feel pushed around inside the car. The forces of rolling resistance and 
air resistance have dropped to zero as the car coasted to a stop, so the 
car's acceleration is zero at this moment and afterward. 

Tramping hard on the brake at zero speed on an uphill slope, you feel 
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thrown backward against your seat. Before, during, and after the zero- 
speed moment, the car is moving with a downhill acceleration if you 
do not tramp on the brake. 

CQ2.3 Yes. If a car is travelling eastward and slowing down, its acceleration is 
opposite to the direction of travel: its acceleration is westward. 

CQ2.4 Yes. Acceleration is the time rate of change of the velocity of a particle. 

If the velocity of a particle is zero at a given moment, and if the particle 
is not accelerating, the velocity will remain zero; if the particle is 
accelerating, the velocity will change from zero—the particle will begin 
to move. Velocity and acceleration are independent of each other. 

CQ2.5 Yes. Acceleration is the time rate of change of the velocity of a particle. 
If the velocity of a particle is nonzero at a given moment, and the 
particle is not accelerating, the velocity will remain the same; if the 
particle is accelerating, the velocity will change. The velocity of a 
particle at a given moment and how the velocity is changing at that 
moment are independent of each other. 

C Q 2.6 Assuming no air resistance: (a) The ball reverses direction at its 

maximum altitude. For an object traveling along a straight line, its 
velocity is zero at the point of reversal, (b) Its acceleration is that of 
gravity: -9.80 m/s 2 (9.80 m/s 2 , downward), (c) The velocity is 
-5.00 m/s 2 , (d) The acceleration of the ball remains -9.80 m/s 2 as long 
as it does not touch anything. Its acceleration changes when the ball 
encounters the ground. 

C Q 2.7 (a) No. Constant acceleration only: the derivation of the equations 

assumes that d z x/dt 2 is constant, (b) Yes. Zero is a constant. 

CQ2.8 Yes. If the speed of the object varies at all over the interval, the 

instantaneous velocity will sometimes be greater than the average 
velocity and will sometimes be less. 

CQ2.9 No: Car A might have greater acceleration than B, but they might both 
have zero acceleration, or otherwise equal accelerations; or the driver 
of B might have tramped hard on the gas pedal in the recent past to 
give car B greater acceleration just then. 
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2.1 Position, Velocity, and Speed 

The average velocity is the slope, not necessarily of the graph line 
itself, but of a secant line cutting across the graph between specified 
points. The slope of the graph line itself is the instantaneous velocity, 
found, for example, in Problem 6 part (b). On this graph, we can tell 
positions to two significant figures: 


(a) 

x = 

0 at t = 0 

and 

x = 10 m 

at t = 



_ Ax _ 

10 m- 

- 0 | j. n 



v xa 

> y g “At “ 

2 s- 

r = H^ 

tn/s 

(b) 

X = 

5.0 m at 

t = 4< 





_ Ax _ 

5.0 m 




v xa 

iy g “At “ 

4 s- 

~0~ 

m/s| 

(c) 


_ Ax _ 

5.0 m 




■ y g “At “ 

4 s - 

^— 1 

-2.5 n 

(d) 


_ Ax _ 

-5.0 m - 5.0 m 


v Xi 

> y g “At “ 

7 s 

-4s 

= -3.3 

(e) 

v x . 

_ Ax _ 

"’g At 

0.0 m 
8 s 

- 0.0 m _ 
-0 s 

=| 0 m y 


We assume that you are approximately 2 m tall and that the nerve 
impulse travels at uniform speed. The elapsed time is then 

At =— = 2 m =2 x 10“ 2 s = |0.02s| 

v 100 m/s - 

Speed is positive whenever motion occurs, so the average speed must 
be positive. For the velocity, we take as positive for motion to the right 
and negative for motion to the left, so its average value can be positive, 
negative, or zero. 

(a) The average speed during any time interval is equal to the total 
distance of travel divided by the total time: 

. total distance d AR +cL 

average speed =---=-r s — 

total time t AB +t BA 

But d AB =d BAr t AB =d/v AB , and t BA =d/v BA 

, d+d H v av)( v ba) 

so average speed = =^7^T 
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and 

, .[ (5.00 m/s)(3.00 m/s) 1 h 
average speed =2|_ 5 . 00 m/s +3.00 m/s ] = l 375m/s l 

(b) The average velocity during any time interval equals total 
displacement divided by elapsed time. 

_ Ax 

Vx ’ av & — A t 

Since the walker returns to the starting point. Ax =0 and 



P2.4 We substitute for t in x = 10t 2 , then use the definition of average 
velocity: 


t (s) 

2.00 

2.10 

3.00 

x (m) 

40.0 

44.1 

90.0 


(a) 


(b) 


_90.0 m-40.0 m _ 

1.00 si 

44.1 m-40.0 m 


50.0 m 
*| 00 |: 
4.10 m 


At 


0.100 s 


0.100 s 


=|50.0 m/s] 
=|41.0 m/sj 


*P2.5 We read the data from the table provided, assume three significant 
figures of precision for all the numbers, and use Equation 2.2 for the 
definition of average velocity. 


(a) 


(b) 


(c) 


_Ax 
~ At 


2.30 m-0 m 




1.00 s 
AX_57.5 m-9.20 m 
At _ 3.00 s 
Ax 57.5 m-0 m 


=| 2.30 m/s | 


At 


5.00 s 


=| 16.1 m/s | 
=| 11.5 m/s | 
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Section 2.2 I nstantaneous Velocity and Speed 

P2.6 (a) At any time, t, the position is given by x = (3.00 m/s 2 )f 2 . 

Thus, at f. = 3.00 s: x. = (3.00 m/s 2 )(3.00 s) 2 = |27.0 m| . 

(b) At t f = 3.00 s + A t::x f = (3.00 m/s 2 )(3.00 s + At) 2 , or 
X f =1 27.0 m +(l8.0 m/s)At +(3.00 m/s 2 )(At) 2 1 


(c) The instantaneous velocity at t = 3.00 s is: 

Ax (18.0 m/s)At +(3.00 m/s 2 )(A tf 

lim— =lim- 5 - - - 

At->0 At ^0 At 

=Hm(l8.0 m/s) +(3.00 m/s 2 )(At) = ;18.0 mTljf 


P2.7 


For average velocity, we find the slope of a 
secant line running across the graph between 
the 1.5-s and 4-s points. Then for 
instantaneous velocities we think of slopes of 
tangent lines, which means the slope of the 
graph itself at a point. 

We place two points on the curve: Point A, at 
t = 1.5 s, and Point B, at t = 4.0 s, and read the 
corresponding values of x. 

(a) At Z = 1.5 s, x ; = 8.0 m (Point A) 



2 3 4 5 6 

ANS. FIG.P2.7 


At t f = 4.0 s, Xf = 2.0 m (Point B) 

_ x f -Xj _ (2.0-8.0) m 
Vavg tf-ti (4.0-1.5) s 


6.0 m 
2.5 s 


=| -2.4 m~7sj 


(b) The slope of the tangent line can be found from points C and D. 
( t c = 1.0 s, x c = 9.5 m) and (t D = 3.5 s, x D = 0), 


v « |—3.8 m/s] 


The negative sign shows that the di recti on of v x is along the 
negative x direction. 

(c) The velocity will be zero when the slope of the tangent line is 
zero. This occurs for the point on the graph where x has its 
minimum value. This is at t~ |4.0 s| . 
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P2.8 


P2.9 


We use the definition of average velocity. 
(Ax), L -0 r 

'‘ = W = — 

{Ax ) 2 o -l 


(a) 




(b) 


“(A t) 2 


= -L/t 2 


(c) To find the average velocity for the round trip, we add the 
displacement and time for each of the two halves of the swim: 

(Ax) total (Ax), +(Ax) 2 +L-L 0 


"(A t) tt 


t 1+ t 2 


t 1+ t 2 t 1 +t 2 


=0 


(d) The average speed of the round trip is the total distance the 
athlete travels divided by the total time for the trip: 

total distance traveled |(Ax) 1 | +|(Ax) 2 | 


(At), 

t 1 + t 2 


t 1+ t 2 


K +t 2 


The instantaneous velocity is found by 
evaluating the slope of the x-t curve at the 
indicated time. To find the slope, we choose 
two points for each of the times below. 

(5-0) i 


(a) 


(b) 


(c) 


(d) 


=|5 m/s 


"(l-0)s 

_(5-10) m 
" (4-2) s 

_ (5-5) m 
(5 s-4 s) 

°-(~ 5m ) HE-71 

(8s-7s) 1 - 


=|-2.5 m/s| 

=0 
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Section 2.3 Analysis Model: Particle Under Constant Velocity 

P2.10 The plates spread apart distance d of 2.9 x 10 3 mi in the time interval 

At at the rate of 25 mm/year. Converting units: 

/. . ./1609 m VlO 3 mm^) _ , n9 

(2.9x10 mi - - =4.7x10 mm 

v 'l lmi ^ lm J 

Use d—vAt, and solve for At: 


d=vAt-> At =— 
v 

4.7 x 10 9 mm 


At = 


25 mm/year 


= 1.9x10 years 


P2.ll 


P2.12 


(a) The tortoise crawls through a distance D before the rabbit 

resumes the race. When the rabbit resumes the race, the rabbit 
must run through 200 m at 8.00 m/s while the tortoise crawls 
through the distance (1 000 m - D) at 0.200 m/s. Each takes the 
same time interval to finish the race: 


/ 200 m ' 

j J 1 000m-D^| 

^8.00 m/s j 

1 A 0.200 m/s J 


Solving, 

-> (0.200 m/s )(200 m) =(8.00 m/s )(l 000 m-D) 

1000 m ^D= (ft200m/s)(2tl0m) 

8.00 m/s 

-»D =995 m 


So, the tortoise is 1 000 m-D = |5.00 m| from the finish line when 
the rabbit resumes running. 

(b) Both begin the race at the same time: t = 0. The rabbit reaches the 
800-m position at time t = 800 m/(8.00 m/s) = 100 s. The tortoise 
has crawled through 995 m when t = 995 m/(0.200 m/s) = 4 975 s. 
The rabbit has waited for the time interval At = 4 975 s - 100 s = 

14 875 s] . 


The trip has two parts: first the car travels at constant speed v 1 for 
distance d, then it travels at constant speed v 2 for distance d. The first 
part takes the time interval A = d/v u and the second part takes the 
time interval At 2 = d/v 2 . 

(a) By definition, the average velocity for the entire trip is 
\/ avg =Ax/ At, where Ax =Ax 1 +Ax 2 —2d, and 
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*2.13 


At =At 1 +At 2 =d/ V x +d / V 2 . Putting these together, we have 

v JJ ^ +Ax ^ I J 2d ) J 2v ' v > ) 

avg l At J [ Atj +At 2 J [d/v 1 +d/v 2 j ( ^ +v 2 J 
We know v avg = 30 mi/h and v 1 = 60 mi/h. 

Solving for v 2 gives 


J (30 mi/h)(60 mi/h) 1 = ^—^ 

[ 2 (60 mi/h) - (30 mi/h) J - 

(b) The average velocity for this trip is V avg =Ax / At, where 
Ax =Ax, +Ax 2 =d+[-d) =0; so, u avg = [o]. 

(c) The average speed for this trip is v avg =d/ At, where d = d x + d 2 = 
d + d = 2d and At =At, +At 2 —d/ v 1 +d/ v 2 ; so, the average speed 
is the same as in part (a): u avg = |30 mi/h.| 


(a) The total time for the trip is f to tai = t 1 + 22.0 min = t x + 0.367 h, 
where t 1 is the time spent traveling at v x = 89.5 km/h. Thus, the 
distance traveled is Ax =\/ 1 t 1 ='/ avg t total , which gives 

(89.5 km/hjtj =(77.8 km/h)(t x +0.367 h) 

=(77.8 km/hjtj +28.5 km 
or (89.5 km/h-77.8 km/h)^ =28.5 km 


from which, /= 2.44 h, for a total time of 
t tota i =tj +0.367 h = |2.81h| 


(b) The distance traveled during the trip is Ax =V 1 t 1 =V avg t total , giving 
Ax=\Z avg t tota , =(77.8 km/h)(2.81 h) = |219km| 
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Section 2.4 Acceleration 

P2.14 The ball's motion is entirely in the horizontal direction. We choose the 
positive direction to be the outward direction, perpendicular to the 
wall. With outward positive, V, =-25.0 m/s and V f =22.0 m/s. We use 
Equation 2.13 for one-dimensional motion with constant acceleration, 
v f =Vj +ct, and solve for the acceleration to obtain 


a=4r = 22 '° m /r ( //° m/s) =|l.34x!0 4 m/s* I 


At 


3.50 xlO' 3 s 


P2.15 (a) Acceleration is the slope of the graph of v versus t. 

For 0 < t < 5.00 s, a = 0. 

For 15.0 s < t < 20.0 s, a = 0. 

Vf-V. 


For 5.0 s < t < 15.0 s, a = 


t f ~t; ' 


=8.00 m/s-(-8.00 m/s) = | 160 2 | 

15.0 s-5.00 s 1 - 1 


We can plot a(t) as shown in ANS. FIG. P2.15 below. 


a (m/s 2 ) 

2.0 . 

1.6 

1.0 . 

0.0 - 


0 5 10 15 20 

ANS. FIG.P2.15 

V f - V ; 

For (b) and (c) we use a =-. 


r(s) 


(b) For 5.00 s < t < 15.0 s, / = 5.00 s, v t = -8.00 m/s, t f = 15.0 s, and 
v f = 8.00 m/s: 


_v f -v, _8.00 m/s-(-8.00 m/s) 
a tf-tf 15.0 s-5.00 s 


11.60 m/s 2 ~| 


(c) We use / = 0, = -8.00 m/s, t f = 20.0 s, and v f = 8.00 m/s: 

V f - Vi 8.0Q m/s - (-8.00 m/s) 


tf-t, 


20.0 s-0 


- = 0.800 m/s 2 
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P2.16 


The acceleration is zero whenever the marble is on a horizontal 
section. The acceleration has a constant positive value when the 
marble is rolling on the 20-to-40-cm section and has a constant 
negative value when it is rolling on the second sloping section. 
The position graph is a straight sloping line whenever the speed is 
constant and a section of a parabola when the speed changes. 




time 


Acceleration as a function of time 



time 
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P2.17 


*P2.18 


(a) In the interval t { = 0 s and t f = 6.00 s, the motorcyclist's velocity 
changes from = 0 to v f = 8.00 m/s. Then, 

_A v _v f -v, _8.0 m/s-0 _ 


At tf-t; 


6.0 s-0 


- = 1.3 m/s 2 


(b) Maximum positive acceleration occurs when the slope of the 
velocity-time curve is greatest, at t = 3 s, and is equal to the slope 
of the graph, approximately (6 m/s - 2 m/s)/(4 s - 2 s) = 

\l m/s 2 ] . 

(c) The acceleration a = 0 when the slope of the velocity-time graph is 
zero, which occurs at |t =6 s| , and also for |t> 10 s| . 

(d) Maximum negative acceleration occurs when the velocity-time 
graph has its maximum negative slope, at t = 8 s, and is equal to 
the slope of the graph, approximately |-1.5 m/s 2 ] . 

(a) The graph is shown in ANS. FIG. P2.18 below. 


*(m) v (m/s) 



ANS. FIG.P2.18 


(b) At t = 5.0 s, the slope is v~ ^ m « I 23 m/s I. 

2.5 s 1 - 1 


At t = 4.0 s, the slope is V~ ^ m ~ | 18 m/s | 


49 m i- 1 

At t = 3.0 s, the slope is V~ ^ ^ ~ | 14 m/s | . 


At t = 2.0 s, the slope is v~ — ^ ~ | 9.0 m/s | 


. . _ Av 23 m/s f—— pi 

(c) a =— - - 4.6 m/s 

At 5.0 s 1 - 
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P2.19 


(d) The initial velocity of the car was | zero | . 

(a) The area under a graph of a vs. t is equal to the change in velocity, 
Av. We can use Figure P2.19 to find the change in velocity during 
specific time intervals. 

The area under the curve for the time interval 0 to 10 s has the 
shape of a rectangle. Its area is 

Av = (2 m/s 2 )(10 s) = 20 m/s 

The particle starts from rest, v Q = 0, so its velocity at the end of the 
10-s time interval is 

v = v 0 + Av = 0 + 20 m/s = |20 m/s| 

Between t = 10 s and t = 15 s, the area is zero: Av = 0 m/s. 
Between f = 15 s and t = 20 s, the area is a rectangle: Av = 

(-3 m/ s 2 )(5 s) = -15 m/s. 

So, between t = 0 s and t = 20 s, the total area is Av = (20 m/s) + 

(0 m/s) + (-15 m/s) = 5 m/s, and the velocity at t = 20 s is 
|5 mTs^l 


(b) We can use the information we derived in part (a) to construct a 
graph of x vs. t; the area under such a graph is equal to the 
displacement. Ax, of the particle. 

From (a), we have these points (f, v) = (0 s, 0 m/s), (10 s, 20 m/s), 
(15 s, 20 m/s), and (20 s, 5 m/s). The graph appears below. 


v (m/s) 



The displacements are: 

0 to 10 s (area of triangle): Ax = (l/2)(20 m/s)(10 s) = 100 m 
10 to 15 s (area of rectangle): Ax = (20 m/s)(5 s) = 100 m 
15 to 20 s (area of triangle and rectangle): 

Ax = (l/2)[(20 - 5) m/s](5 s) + (5 m/s)(5 s) 

= 37.5 m + 25 m = 62.5 m 


Total displacement over the first 20.0 s: 

Ax = 100 m + 100 m + 62.5 m = 262.5 m = 1263 m | 
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P2.20 


P2.21 


(a) The average velocity is the change in position divided by the 
length of the time interval. We plug in to the given equation. 

At t = 2.00 s,x= [3.00(2.00) 2 - 2.00(2.00) + 3.00] m = 11.0 m. 
At t = 3.00 s,x= [3.00(3.00) 2 - 2.00(3.00) + 3.00] m = 24.0 m 
so 


Ax 24.0 m-11.0 m 


=|13.0 m/s] 


avg At 3.00 s-2.00 s 

(b) At all times the instantaneous velocity is 

V =^(3.00t 2 - 2.00t +3.00) =(6.001- 2.00) m/s 


(c) a ai 


At t = 2.00 s, v = [6.00(2.00) - 2.00] m/s = |10.0 m/,4 
At t = 3.00 s, v = [6.00(3.00) - 2.00] m/s = |16.0 m/s| . 
Au _16.0 m/s-10.0 m/s _ 


3.00 s-2.00 s 


- = 6.00 m/s 2 


(d) 


At all times a =—(6.00 1- 2.00) = 6.00 m/s 2 1. This includes both 

at - 

t = 2.00 s and t = 3.00 s. 


(e) From (b), v = (6.00 1 - 2.00) = 0 -> f = (2.00)/(6.00) = 10.333 jjj : 

To find position we simply evaluate the given expression. To find 
velocity we differentiate it. To find acceleration we take a second 
derivative. 


With the position given by x = 2.00 + 3.00t - t 2 , we can use the rules for 
differentiation to write expressions for the velocity and acceleration as 
functions of time: 


= Jf( 2 +3t_ f ) =3 “ 2t and ^ = t!f =1< 3 - 2t > =~ 2 


'<* dt" 


Now we can evaluate x, v, and a at t = 3.00 s. 

(a) x = (2.00 + 9.00 - 9.00) m = |2.00m| 

(b) v = (3.00 - 6.00) m/s = |-3.00 m/s| 

(c) a = 1-2.00 m/s 2 1 
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Section 2.5 M otion D iagrams 

P2 - 22 ( a ) EK EK EK EK 


(b) Eh EH ► 
=> => => 

(c) 


□—► EH► EH Eh 


(d) 


*—□ HE HE 


(e) HE -HE -«—□ <•-□ 


—►= reading order 
—► = velocity 
■=> = acceleration 


(f) One way of phrasing the answer: The spacing of the successive 
positions would change with [less regularity.| 

Another way: The object would move with some combination of 
the kinds of motion shown in (a) through (e). Within one 
drawing, the acceleration vectors would vary in magnitude and 
direction. 

P2.23 (a) The motion is fast at first but slowing until the speed is constant. 

We assume the acceleration is constant as the object slows. 


v 


0 


0 
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(b) The motion is constant in speed. 

a | 

0 t 

v - 

0-/ 



(c) The motion is speeding up, and we suppose the acceleration is 
constant. 


a 

0 

v 

0 

x 

0 



Section 2.6 Analysis Model: Particle Under Constant 
Acceleration 


*P2.24 Method One 

Suppose the unknown acceleration is constant as a car moving at 
V n =35.0 mi/h comes to a stop, V f =0 in X n - X, =40.0 ft. We find its 

acceleration from vf^vf, +2 a(x fl - X,): 


v’n-vf _ 0- (35.0 mi/h) 2 [ 5 280 ft 
9 2(x fl -x i ) 2(40.0 ft) l mi 


lh 


=-32.9 ft/s 2 


Now consider a car moving at V i2 =70.0 mi/h and stopping, V f =0, 
with a =-32.9 ft/s 2 . From the same equation, its stopping distance is 

_ \4 2 - vf _0- (70.0 mi/h) 2 / 5 280 ft \ 2 / 1 h V 2 
Xf2 Xi 2a 2(-32.9 ft/s 2 ) \ 1 mi / \3 600 s / 

= | 160 ft | 

Method Two 

For the process of stopping from the lower speed v n we have 
vf = vf, +2a(x fl -X,), 0 =vf +2 ax n , and vf, =-2ax fl . For stopping 
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*P2.25 


from V j2 =2v ix , similarly 0 =vf 2 +2 ax f2 , and vf 2 =-2ax fl . Dividing 
gives 

%=—; x f? =40 ft x 2 2 =| 160 ft | 

< Xn 5 - 

We have v t =2.00 x 10 4 m/s, v f =6.00 xlO 6 m/s, and 

X f — Xj =1.50 xlO -2 m. 


(a) x f — Xj =^(v i +v f )t: 

2 (x f -Xi)_ 2(l.50xlO -2 m) 

Vi+Vf 2.00xlO 4 m/s+6.00xlO 6 m/s 

= [~4.98 x IQ' 9 s | 

(b) v* f =vf +2 a x ( x f -X;): 

v* f -vt _(6.00xl0 6 m/s) 2 -(2.00xlO 4 m/s) 2 
3x ~2(x f -x i ) 2(1.50 xlO“ 2 m) 

= [ 1.20xlO 15 m/s 2 "] 

*P2.26 (a) Choose the initial point where the pilot reduces the throttle and 

the final point where the boat passes the buoy: X t =0, X f =100 m, 

v xj =30 m/s, Vrf =?, a x =-3.5 m/s 2 , and t =? 


x f =X: +v xj t+-a x t 1 : 

f 1 * 2 x 

100 m =0 +(30 m/s)t+|(-3.5 m/s 2 )f 
(l.75 m/s 2 )! 2 -(30 m/s)t +100 m =0 


We use the quadratic formula: 

, -b±Vtf-4ac 


30 m/s ±yj900 m 2 /s 2 -4(1.75 m/s 2 )(l00 m) 
2(1.75 m/s 2 ) 

30 m/s ±14.1 m/s . 

=-f—- j - 2 —— =12.6 s o 

3.5 m/s 
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The smaller value is the physical answer. If the boat kept moving 
with the same acceleration, it would stop and move backward, 
then gain speed, and pass the buoy again at 12.6 s. 

(b) 1/^ =v xj +a x t =30 m/s - (3.5 m/s 2 )4.53 s = | 14.1 m/s | 

P2.27 In parts (a) - (c), we use Equation 2.13 to determine the velocity at the 
times indicated. 

(a) The time given is 1.00 s after 10:05:00 a.m., so 

v f = Vj + at = 13.0 m/s + (-4.00 m/s 2 )(1.00 s) = |9.00 m/s] 

(b) The time given is 4.00 s after 10:05:00 a.m., so 

v f = Vj + at = 13.0 m/s + (-4.00 m/s 2 )(4.00 s) = |-3.00 m/s] 

(c) The time given is 1.00 s before 10:05:00 a.m., so 

v f = V; + at = 13.0 m/s + (-4.00 m/s 2 )(-1.00 s) = |17.0 m/s| 

(d) The graph of velocity versus time is a slanting straight line, 
having the value 13.0 m/s at 10:05:00 a.m. on the certain date, 
and sloping down by 4.00 m/s for every second thereafter. 

(e) If we also know the velocity at any one instant, then knowing the 
value of the constant acceleration tells us the velocity at all other 
instants 

P2.28 (a) We use Equation 2.15: 

x f — Xj = ^[ v i +w)tbecomes 40.0 m =^(v ( . +2.80 m/s)(8.50 s), 

which yields v { = |6.61 m/s] . 

(b) From Equation 2.13, 

v f ~ V, 2.80 m/s - 6.61 m/s 1 _ ,,, - 

a=-=---— = -0.448 m/s 2 

t 8.50 s 1 - 1 

P2.29 The velocity is always changing; there is always nonzero acceleration 
and the problem says it is constant. So we can use one of the set of 
equations describing constant-acceleration motion. Take the initial 
point to be the moment when x { = 3.00 cm and v xi = 12.0 cm/s. Also, at 
t = 2.00 s, x { = -5.00 cm. 

Once you have classified the object as a particle moving with constant 
acceleration and have the standard set of four equations in front of 
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you, how do you choose which equation to use? Make a list of all of 
the six symbols in the equations: x ir x f , v xi , v xf , a x , and t. On the list fill in 
values as above, showing that x v x f , v xi , and t are known. Identify a x as 
the unknown. Choose an equation involving only one unknown and 
the knowns. That is, choose an equation not involving v xf . Thus we 
choose the kinematic equation 

=x,+ v xl t+^a/ 

and solve for a x . 

^ _z[x f -x,-v Ji t] 

a x p 

We substitute: 


_ 2[-5.00 cm-3.00 cm-(12.0 cm/s)(2.00 s)] 
ax (2.00 s) 2 

= |-16.0 cm/s 2 1 

P2.30 We think of the plane moving with maximum-size backward 

acceleration throughout the landing, so the acceleration is constant, the 
stopping time a minimum, and the stopping distance as short as it can 
be. The negative acceleration of the plane as it lands can be called 
deceleration, but it is simpler to use the single general term acceleration 
for all rates of velocity change. 

(a) The plane can be modeled as a particle under constant 
acceleration, with a x =-5.00 m/s 2 . Given V xj =100 m/s 
and v# =0, we use the equation W =v xi +a x t and solve for t: 


t _ v X f~ v >d _ 0-100 m/s 
3 X -5.00 m/s 2 

(b) Find the required stopping distance and compare this to the 
length of the runway. Taking x t to be zero, we get 

Kf=<+ 2 ^(xf~ x i) 


= |20.0 s | 


or 


Ax =x f -x i 


\4-\4 _0-(l00 m/s f 
2a x 2(-5.00 m/s 2 ) 


= |1 000 ml 


(c) The stopping distance is greater than the length of the runway; 
| the plane cannot land | . 
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P2.31 


P2.32 


*P2.33 


We assume the acceleration is constant. We choose the initial and final 
points 1.40 s apart, bracketing the slowing-down process. Then we 
have a straightforward problem about a particle under constant 
acceleration. The initial velocity is 


v„ =632 mi/h =632 mi/h 


1609 m V lh / _ 
1 mi J ^ 3 600 s J " 


=282 m/s 


= -202 m/s 2 


(a) Taking V xf = V xj +a x t with V xf =0, 

_ v xf ~ W _ 0-282 m/s 
x t 1.40 s 

This has a magnitude of approximately 20 g. 

(b) From Equation 2.15, 

x f -x i =|(w +v xf )t =^(282 m/s +0)(1.40 s) = |l98m| 

As in the algebraic solution to Example 2.8, we let t represent the time 
the trooper has been moving. We graph 

x car = 45+ 45f 

and trooper = 

They intersect at t = |31 s| . 



10 20 30 40 

A NS. FIG. P2.32 

(a) The time it takes the truck to reach 20.0 m/s is found from 
V f =v j +at. Solving for t yields 

t J^ = 200_m/s-0^ =100s 
a 2.00 m/s 

The total time is thus 10.0 s +20.0 s +5.00 s = | 35.0 s | . 
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P2.34 


P2.35 


(b) The average velocity is the total distance traveled divided by the 
total time taken. The distance traveled during the first 10.0 s is 

Xl =\7f =| ° + ^°‘ Q j(l0.0) =100 m 

With a = 0 for this interval, the distance traveled during the next 
20.0 s is 


x, = v i t+-d? =(20.0)(20.0) +0 =400 m 
2 

The distance traveled in the last 5.00 s is 

/ 20 . 0 + 0 ] 


(5.00) =50.0 m 


The total distance x =x 1 +x 2 +x 3 =100 +400 +50 =550 m, and the 
x 550 


average velocity is given by V =— = ^_ ^ =| 15.7 m/s . 

We ask whether the constant acceleration of the rhinoceros from rest 
over a period of 10.0 s can result in a final velocity of 8.00 m/s and a 
displacement of 50.0 m? To check, we solve for the acceleration in two 
ways. 

1) t t = 0,v i = 0}t = 10.0 s, v f = 8.00 m/s: 


v f =v ; +at-> a=— 

a = 8-00 m/s =0.800 m/s 2 
10.0 s 

2) / = 0, x { = 0, = 0; t = 10.0 s, x f = 50.0 m: 

x f —X: +v i t+-at 1 ^x f =-af 

f ' 1 2 f 2 

a 2(50.0 m) inn /2 

a=— — =—. -— =1.00 m/s 

f (10.0 s) 2 


[The accelerations do not match, therefore the situation is impossible. | 

Since we don't know the initial and final velocities of the car, we will 
need to use two equations simultaneously to find the speed with 
which the car strikes the tree. From Equation 2.13, we have 

v xf =V xi +a x t =V XJ . +(-5.60 m/s 2 )(4.20 s) 


W =V xf +(5.60 m/s 2 )(4.20 s) 


[1] 
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P2.36 


and from Equation 2.15, 

62.4m=^-(^+v xf )(4.20s) 

Substituting for v xi in [2] from [1] gives 

62.4 m +(5.60 m/s 2 )(4.20 s) +v jrf ](4.20 s) 

14.9 m/s =y xf +^(5.60 m/s 2 )(4.20 s) 

Thus, Vrf = |3.10 m/s] 

(a) Take any two of the standard four equations, such as 


[ 2 ] 


Solve one for v xi , and substitute into the other: 

v■ = v rf -a r t 


x f -x t =^-(- a x t +v xf )t 


Thus 


Xf-Xi =^--3/ 

We note that the equation is dimensionally correct. The units are 
units of length in each term. Like the standard equation 

X f - X, = V xi t a x f, this equation represents that displacement is 
a quadratic function of time. 

(b) Our newly derived equation gives us for the situation back in 
problem 35, 

62.4 m =^(4.20 s)-^(-5.60 m/s 2 )(4.20 s) 2 


62.4 m- 49.4 m 


=|3.10 m/s] 
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P2.37 


P2.38 


(a) 


(b) 

(c) 


(d) 


(e) 


(f) 


(a) 


(b) 


We choose a coordinate system •-► 

with the x axis positive to the right, x 

in the direction of motion of the A N S. FI G. P2.37 

speedboat, as shown on the right. 

Since the speedboat is increasing its speed, the particle under 
constant acceleration model should be used here. 

Since the initial and final velocities are given along with the 
displacement of the speedboat, we use 

=\4 +2 ab ¬ 


solving for the acceleration of the speedboat gives 

vtf-vti 


We have v t = 20.0 m/s, v f = 30.0 m/s, and x f - x { = Ax= 200 m: 
(30.0 m/s f - (20.0 m/s f 


2 Ax 


- =|l.25 m/s 2 1 


2(200 m) 

To find the time interval, we use v f = + at, which gives 

30.0 m/s-20.0 m/s 


t=- 


1.25 m/s 


Compare the position equation x = 2.00+ 3.001 - 4.00f 2 to the 
general form 

X f =X: +V:t+~ct 1 

f 11 2 

to recognize that x { = 2.00 m, = 3.00 m/s, and a = -8.00 m/s 2 . 
The velocity equation, v f = v, + at, is then 

v f = 3.00 m/s - (8.00 m/s 2 )t 

The particle changes direction when v f = 0, which occurs at 

3 

t =— s. The position at this time is 


X =2.00 m +(3.00 m/s)^ sj-(4.00 m/s 2 )^ sj 
= | 2.56 m | 


From x f =X +v j t+—at 2 , observe that when x f = x {l 


the time is 
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P2.39 


P2.40 


given by t = -Thus, when the particle returns to its initial 

position, the time is 

-2(3.00 m/s) _3 
” -8.00 m/s 2 _ 4 
and the velocity is 

V f =3.00 m/s-(8.00 m/s 2 )^ sj = |-3.00 mTs] 

Let the glider enter the photogate with velocity v { and move with 
constant acceleration a. For its motion from entry to exit, 

1 9 

x f =X: +v xi t+-a x tr 

f , x, 2 X 

t =0 +v j At d +^aAf d =v d At d 
v d =Vi+^aAt d 

(a) The speed halfway through the photogate in space is given by 

< =vf +2a {{) =v f + ^ At « 

Vfc =yjvf +SW d At d and this is [not equal to V d unless a =0| . 

(b) The speed halfway through the photogate in time is given by 
V ht =Vi +a [ “Y^j and this is [equal to as determined above. 

(a) Let a stopwatch start from t = 0 as the front end of the glider 
passes point A. The average speed of the glider over the interval 
between t = 0 and t = 0.628 s is 12.4 cm/(0.628 s) = [19.7 cm/s] , 
and this is the instantaneous speed halfway through the time 
interval, at t = 0.314 s. 

(b) The average speed of the glider over the time interval between 
0.628 + 1.39 = 2.02 s and 0.628 + 1.39 + 0.431 = 2.45 s is 

12.4 cm/(0.431 s) = 28.8 cm/s and this is the instantaneous speed 
at the instant t = (2.02 + 2.45)/2 = 2.23 s. 

Now we know the velocities at two instants, so the acceleration is 
found from 

[(28.8-19.7) cm/s]/[(2.23-0.314) s] = [4.70cm/7] 
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P2.41 


(c) 


The distance between A and B is not used, but the length of 
the glider is used to find the average velocity during a known 
time interval. 


(a) What we know about the motion of an object is as follows: 
a = 4.00 m/s 2 , v t = 6.00 m/s, and v f = 12.0 m/s. 


=vf +2 a(x f -x j )=vf +2 aAx 
_ _ (*^r-V?) 


- [(i2 '°:£;::°r n ^ 


(b) From (a), the acceleration and velocity of the object are in the 
same (positive) direction, so the object speeds up. The distance is 
113.5 m| because the object always travels in the same direction. 


(c) 


(d) 


Given a = 4.00 m/s 2 , v i = -6.00 m/s, and v f = 12.0 m/s. Following 
steps similar to those in (a) above, we will find the displacement 
to be the same: |Ax =13.5 m.| In this case, the object initially is 
moving in the negative direction but its acceleration is in the 
positive direction, so the object slows down, reverses direction, 
and then speeds up as it travels in the positive direction. 

We consider the motion in two parts. 


(1) 


Calculate the displacement of the object as it slows down: 
a = 4.00 m/s 2 , = -6.00 m/s, and v f =0 m/s. 


AX 

Ax 


2 a 

[(0 m/s) 2 -(-6.00 m/s) 2 ] 
2(4.00 m/s 2 ) 


-4.50 m 


The object travels 4.50 m in the negative direction. 

(2) Calculate the displacement of the object after it has reversed 
direction: a = 4.00 m/s 2 , v i = 0 m/s, v f = 12.0 m/s. 
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[(12.0 m/s) 2 -(O m/s) 2 ] 
2(4.00 m/s 2 ) 


=18.0 m 


The object travels 18.0 m in the positive direction. 
Total distance traveled: 4.5 m + 18.0 m = |22.5 m.| 

(a) For the first car, the speed as a function of time is 
v x =v u +a,! =-3.50 cm/s +(2.40 cm/s 2 )! 

For the second car, the speed is 
V 2 =v 2j +a 1 t =45.5 cm/s +0 
Setting the two expressions equal gives 

-3.50 cm/s +(2.40 cm/s 2 )t =5.5 cm/s 


Solving for t gives 

^_ 9.00 cm/s _| 375s | 

2.40 cm/s 2 

(b) The first car then has speed 

v x =v lj +a^! =-3.50 cm/s +(2.40 cm/s 2 )(3.75 s) = |5.50 cmTs) 
and this is also the constant speed of the second car. 

(c) For the first car, the position as a function of time is 

x 1 =x 1( +v li t+^a 1 f 

=15.0 cm-(3.50 cm/s)!+^-(2.40 cm/s 2 )t 2 

For the second car, the position is 
x 2 =10.0 cm+(5.50 cm/s)! 

At the point where the cars pass one another, their positions are 
equal: 

15.0 cm-(3.50 cm/s)t+^(2.40 cm/s 2 )! 2 

=10.0 cm +(5.50 cm/s)! 


rearranging gives 

(l.20 cm/s 2 )! 2 -(9.00 cm/s)!+5.00 cm =0 
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We solve this with the quadratic formula. Suppressing units, 

9±V(9f-4(l.2)(5) = 9±^7 m 

2(1.2) 2.4 1 - 1 

(d) At t = 0.604 s, the second and also the first car's position is 
x 12 =10.0 cm +(5.50 cm/s)(0.604 s) = )l3.3 cm | 

At t = 6.90 s, both are at position 

x 12 =10.0 cm+(5.50 cm/s)(6.90 s) = \W.9 cm | 


(e) 


The cars are initially moving toward each other, so they soon 
arrive at the same position X when their speeds are quite 
different, giving one answer to (c) that is not an answer to (a). 
The first car slows down in its motion to the left, turns around, 
and starts to move toward the right, slowly at first and gaining 
speed steadily. At a particular moment its speed will be equal 
to the constant rightward speed of the second car, but at this 
time the accelerating car is far behind the steadily moving car; 
thus, the answer to (a) is not an answer to (c). Eventually the 
accelerating car will catch up to the steadily-coasting car, but 
passing it at higher speed, and giving another answer to (c) 
that is not an answer to (a). 


(a) Total displacement = area under the (v, t ) curve from t = 0 to 50 s. 
Here, distance is the same as displacement because the motion is 
in one direction. 


Ax=|(50 m/s )(l5s)+(50 m/s )(40-15) s 
+ ^-(50 m/s)(l0 s) 

Ax =1875 m = | 1.88 km] 

(b) From t = 10 s to t = 40 s, displacement is 

Ax =^(50 m/s +33 m/s)(5 s) +(50 m/s)(25 jj$S HM6k5| 
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(c) We compute the acceleration for each of the three segments of the 
car's motion: 


0 < !< 15 s: ^ = ^ = 

15s<!<40s: \a 1 = 0| 

40 s < ! < 50 s: a = —= 

^ At 


(50-0) m/s 
15 s-0 


(0-50) m/s 
50 s - 40 s 


13.3 m/s 2 


|-5.0 m/s 2 1 


ANS. FIG. P2.43 shows the graph of the acceleration during this 
interval. 



(d) For segment 0a, 

X x =0 +^f 2 =^-(3.3 m/s 2 )! 2 or |x t =(l.67 m/s 2 )f\ 
For segment ab, 

x 2 = |(l5s)[50 m/s-0] + (50 m/s)(!-15 s) 


or |x 2 =(50m/s)t-375 ml 


For segment be, 


*3 


(area under Uvs. ! 
[from! =0 to 40 s y 


+^ 3,(!- 40 s) 2 +(50 m/s)(!- 40 s) 


or 

X 3 =375 m +1250 m +^-(-5.0 m/s 2 )(!- 40 s) 2 

+(50 m/s)(!-40 s) 

which reduces to 

|x 3 =(250 m/s)!-(2.5 m/s 2 )! 2 -4 375 ml 
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(e) y = togd displacement = 1875m =[ 3 ^ 7 j 
total elapsed time 50 s - 

2.44 (a) Take t = 0 at the time when the player starts to chase his 

opponent. At this time, the opponent is a distance 
c/=(l2.0 m/s)(3.00 s) =36.0 m in front of the player. At time t > 0, 
the displacements of the players from their initial positions are 

A>W, =>Wt+ii W e =0 +1(4.00 m/s 2 )e [1] 

and 

^opponent =*,, opponent +| ^opponent^ =(^.0 m/ S )t+0 [ 2 ] 

When the players are side-by-side, Ax player =Ax opponent +36.0 m. [3] 
Substituting equations [1] and [2] into equation [3] gives 
|(4.00 m/s 2 )! 2 =(l2.0 m/s )t+36.0 m 

or f +(-6.00 s)t+(-18.0 s 2 ) =0 

Applying the quadratic formula to this equation gives 

^_—(—6.00 s) ±^(-6.00 s) 2 -4(1) (-18.0 s 2 ) 

' 2 ( 1 ) 

which has solutions of t = -2.20 s and t = +8.20 s. Since the time 
must be greater than zero, we must choose t = |8.20 s| as the 
proper answer. 

(b) ^player =0 +1(4.00 m/ S 2 )<8.20 S f = |l34lK| 


Section 2.7 Freely Falling Objects 

P2.45 This is motion with constant acceleration, in this case the acceleration 
of gravity. The equation of position as a function of time is 

y f =y, +v,t+|ae 

Taking the positve y direction as up, the acceleration is a = (9.80 m/s 2 , 
downward) = -g; we also know that y l = 0 and v t = 2.80 m/s. The above 
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equation becomes 

y f =vt-\tf 

y f =(2.80 m/s)t-i(9.80 m/s 2 )? 


(a) 

At t = 0.100 s. 

y f = 10.231 m 

(b) 

At t = 0.200 s. 

y f = |0.364 m 

(c) 

At t = 0.300 s. 

y f = 10.399 m| 

(d) 

At t = 0.500 s. 

y ( = |0.175 m 


P2.46 We can solve (a) and (b) at the same time by assuming the rock passes 
the top of the wall and finding its speed there. If the speed comes out 
imaginary, the rock will not reach this elevation. 

v l f =vf+2a{y f -y i ) 

=(7.40 m/s) 2 - 2(9.80 m/s 2 )(3.65 m-1.55 m) 

=13.6 m 2 /s 2 
which gives V f =3.69 m/s. 

| So the rock does reach the top of the wall with v f =3.69 m/s|. 

(c) The rock travels from y i = 3.65 m to y f = 1.55 m. We find the final 
speed of the rock thrown down: 

\?f=v 2 +2a[y f -y) 

=(-7.40 m/s) 2 - 2(9.80 m/s 2 )(l.55m- 3.65 m) 

=95.9 m 2 /s 2 

which gives V f =-9.79 m/s. 

The change in speed of the rock thrown down is 
|9.79 m/s-7.40 m/s| = |2.39 m/s| 

(d) The magnitude of the speed change of the rock thrown up is 
17.40 m/s-3.69 m/s| =3.71 m/s. This |does not agree | with 
2.39 m/s. 
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P2.47 


P2.48 


*P2.49 


(e) 


The upward-moving rock spends more time in flight because its 
average speed is smaller than the downward-moving rock, so the 
rock has more time to change its speed. 


The bill starts from rest, = 0, and falls with a downward acceleration 
of 9.80 m/s 2 (due to gravity). For an average human reaction time of 
about 0.20 s, we can find the distance the bill will fall: 


y f =y, +v i t at 2 Ay = v,t- ^ gtr 
Ay =0 -1(9.80 m/s 2 )(0.20 s) 2 =-0.20 m 


The bill falls about 20 cm—this distance is about twice the distance 
between the center of the bill and its top edge, about 8 cm. Thus 
[David could not respond fast enough to catch the bill. | 

Since the ball's motion is entirely vertical, we can use the equations for 
free fall to find the initial velocity and maximum height from the 
elapsed time. After leaving the bat, the ball is in free fall for t = 3.00 s 
and has constant acceleration a y = -g = -9.80 m/s 2 . 

(a) The initial speed of the ball can be found from 
v f =y +at 
0 =v j - gt -> y =gt 
y =(9.80 m/s 2 )(3.00 s) = |29.4 m/s] 


(b) Find the vertical displacement Ay: 


(a) 


a y=y f -y, =^(v,+v f )t 

Ay =1 (29.4 m/s +0)(3.00 s) 

Ay = [44.1 m| 

Consider the upward flight of the arrow. 


^=^.+2 ay(y f -y,) 

0 =(100 m/s f +2(-9.80 m/s 2 )Ay 


, 10 000 m 2 /s 2 - 1 

Ay -/V = 510 m 

19.6 m/s 1 - 1 
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P2.51 


(b) Consider the whole flight of the arrow. 
y f =y, +v yi t+^a y f 
0=0+(100 m/s)t+|(-9.80 m/s 2 )! 2 


The root t = 0 refers to the starting point. The time of flight is 
given by 


100 m/s 
4.90 m/s 2 


=| 20.4 s | 


We are given the height of the helicopter: y = h = 3.00f 3 . 

At t = 2.00 s, y = 3.00(2.00 s) 3 = 24.0 m and 

% =% =9.00t 2 =36.0 m/s T 

y at 

If the helicopter releases a small mailbag at this time, the mailbag starts 
its free fall with velocity 36.0 m/s upward. The equation of motion of 
the mailbag is 

y f =Yi +K-t+|at 2 

y f =(24.0 m) +(36.0 m/s)t- (4.90 m/s 2 ) f 


Setting y f = 0, dropping units, and rearranging the equation, we have 
4.90f 2 - 36.0f - 24.0 = 0 


We solve for t using the quadratic formula: 

_36.0 ±V(-36.0) 2 -4(4.90) (-24.0) 
2(4.90) 


Since only positive values of t count, we find t = |7.96 s| . 

The equation for the height of the ball as a function of time is 

y f =y, +v i t-^gt 2 

0 =30 m +(-8.00 m/s)t- (4.90 m/s 2 (t 2 
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*P2.52 


P2.53 


Solving for t, 

t _ 48-00 ±y](-8.00f - 4(-4.90)(30) _ -18.00 ±V64 +588 

” 2 (-4.90) -9.80 

t = |l.79 s| 

The falling ball moves a distance of (15 m -h) before they meet, where 
h is the height above the ground where they meet. We apply 

y f =y, +Vjt- ^ gt 2 

to the falling ball to obtain 

-(15.0 m- h) =- ^ gt 1 

or h =15.0 m - ^ gt 1 [1] 

Applying y f =y ( . +vjt- ^ gt 2 to the rising ball gives 


h=(25m/s)t-|ge [2] 

Combining equations [1] and [2] gives 

(25 m/sjt-igt 2 =15.0 m-^gt 2 


or 


15 m 
25 m/s 


= | 0.60 s | 


We model the keys as a particle under the constant free-fall 
acceleration. Take the first student's position to be y) =0 and the 
second student's position to be y f =4.00 m. We are given that the time 
of flight of the keys is t = 1.50 s, and a y =-9.80 m/s 2 . 


(a) 


We choose the equation y f =yi +v yj t +^a y f to connect the data 
and the unknown. 


We solve: 


y t -y,-\af 
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P2.55 


and substitute: 

4.00 m -*(-9.80 m/s 2 )(1.50 s) 2 

v yi - 2 -^ 3 ^- l iao m / s l 

(b) The velocity at any time t > 0 is given by v yf = v yi + a y t. 

Therefore, at t = 1.50 s, 

=10.0 m/s-(9.80 m/s 2 )(l.50 s)= |-4.68 m/s] 

The negative sign means that the keys are moving downward just 
before they are caught. 

(a) The keys, moving freely under the influence of gravity (a = -g ), 
undergo a vertical displacement of Ay = +h in time t. We use 
Ay = 1 fjt +\ at 2 to find the initial velocity as 


Ay=\/ f t+^at 2 =h 

h =v,t- - gt 2 
1 2 y 


v i 


bT-gt 2 
. 2 _ 


h gt 

t + T 


(b) We find the velocity of the keys just before they were caught (at 
time t ) using v = v i + at: 

v=v ; +at 


h_gt\ 

t 2 


Both horse and man have constant accelerations: they are g downward 
for the man and 0 for the horse. We choose to do part (b) first. 

(b) Consider the vertical motion of the man after leaving the limb 
(with v { = 0 at y, = 3.00 m) until reaching the saddle (at y f = 0). 

Modeling the man as a particle under constant acceleration, we 
find his time of fall from y f =y ( +v yj t+^a y f. 


When v { = 0, 



1 2(0-3.00 m) 
-9.80 m/s 2 


= | 0.782 s | 
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P2.56 


(a) During this time interval, the horse is modeled as a particle under 
constant velocity in the horizontal direction. 

v xi =y xf =10.0 m/s 


x f — Xj =v xi t={ 10.0 m/s)(0.782 s) = |7.82m| 

and the ranch hand must let go when the horse is 7.82 m from the 
tree. 

(a) Let t = 0 be the instant the package leaves the helicopter. The 
package and the helicopter have a common initial velocity of -v i 
(choosing upward as positive). The helicopter has zero 
acceleration, and the package (in free-fall) has constant 
acceleration a y =-g. 

At times t > 0, the velocity of the package is 

v p =v yi +a y t -> v p =-y - gt =-( v, +gt) 


so its speed is | v p | =| \z, +gfj. 

(b) Assume the helicopter is at height H when the package is 

released. Setting our clock to t = 0 at the moment the package is 
released, the position of the helicopter is 

y M =y, + v yi t+\af 

y M =H +(-v,)t 


and the position of the package is 

y P =y, +v yl t+^a y i 2 

y„=H+(-y,)t-lge 


The vertical distance, d, between the helicopter and the package is 

y M ~y P =[ H +(-V/)t]-[w +(-v i )t-^gt 2 j 


d = 


:& 2 


The distance is independent of their common initial speed. 

(c) Now, the package and the helicopter have a common initial 

velocity of +v t (choosing upward as positive). The helicopter has 
zero acceleration, and the package (in free-fall) has constant 
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acceleration a y = -g. 

At times t > 0, the velocity of the package is 

v p =v yi +aytv p =+(/,. - gt 

Therefore, the speed of the package at time t is v p = || i/) - gt\ 
The position of the helicopter is 

y M =y, + v yi t+\af 

y M =H +(-H /i)t 

and the position of the package is 

y P =y, + v yt+\a y ? 

y p =H +(-H 


The vertical distance, d, between the helicopter and the package is 

y«-y P =[h +(-H/ ( )t]-[w +(-H/ ( )t-|ge] 


cf= 


As above, the distance is independent of their common initial 
speed. 


Section 2.8 Kinematic Equations Derived from Calculus 

P2.57 This is a derivation problem. We start from basic definitions. We are 
given / = dajdt = constant, so we know that da x = Jdt. 

(a) Integrating from the 'initial' moment when we know the 
acceleration to any later moment, 

1^=0 ^ -> a x~a ix =J(t- 0) 

Therefore, | a x =Jt+a~j . 

From a x = dvjdt, dv x = a x dt. 
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Integration between the same two points tells us the velocity as a 
function of time: 

i;;^x =\la x dt=\l{a xi +Jt)dt 
v x -v xi =a xj t+^Jt 2 or 

From v x = Ax/At, Ax = v x At. Integrating a third time gives us x(t): 

J x > =!&<* = J 0 V* +aJ +\j?) dt 

x-X: =v xi t+ 1 a xi e +-Jt 3 

1 " 2 x ' 6 J 

and 

(b) Squaring the acceleration, 

i x =(yt+a x/ ) 2 =J 2 f +4 +2Ja ]d t 

Rearranging, 

4 =4 +2 J +a x/ tj 

The expression for v x was 

K =\jt 2 +a xi t+v xi 

So ('/.-'/./) =^Jf+a xi t 

and by substitution 



P2.58 (a) See the x vs. t graph on the top panel of ANS. FIG. P2.58, on the 

next page. Choose x = 0 at t = 0. 

At t =3 s, x =^(8 m/s)(3 s) =12 m. 

At t =5 s, X =12 m +(8 m/s)(2 s) =28 m. 

At t=7s,X =28 m +|(8 m/s)(2 s) 

=36 m 



\v x =v xi +a xi t+^Jt 2 \ 
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(b) See the a vs. t graph at the bottom right. 


For 0 < t< 3 s, a= 8m/s = 2.67 m/s 2 . 
3 s 


For 3<f<5s,a = 0. 

At the points of inflection, t = 3 and 5 s, 
the slope of the velocity curve changes 
abruptly, so the acceleration is not 
defined. 

(c) For 5 s < t < 9 s, 

16 m/s 


-4 m/s 2 



(d) The average velocity between t = 5 and 
7 s is 

v avg = (8 m/s +0)/2 = 4 m/s 
At t =6 s, X =28 m +(4 m/s)(l s) = |32 m 

(e) The average velocity between t = 5 and 9 s is 

v avg = [(8 m/s) + (-8 m/s)]/2 = 0 m/s 

At f = 9 s, x = 28 m + (0 m/s)(l s) = |28 m| 

(a) To find the acceleration, we differentiate the velocity equation 
with respect to time: 

a =-^[(-5.00 x 10 7 )f +(3.00 x 10 5 )t] 
[a=-(l0.0xl0 7 )f:+3.00xl0^ 
where a is in m/s 2 and t is in seconds. 

dx 

To find the position, take x { ■ = 0 at t = 0. Then, from v =— , 

dt 

x- 0 = J vdt = J (-5.00 x 10 7 f +3.00 x 10 5 1) dt 

0 0 

*3 *2 

x =-5.00 x 10 7 - +3.00 x 10 5 - 
3 2 

which gives 

lx =-(l.67 x 10 7 jf 3 +(l.50 xl0 5 )f\ 
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where x is in meters and t is in seconds. 


(b) The bullet escapes when a = 0: 

a=-(l0.0x 10 7 )t+3.00x 10 5 =0 

t A 00 * 10 * 5 =3.00x 10- 3 s =|S00ii 

m.nxin 7 i- 


(c) Evaluate v when t = 3.00 x 10 3 s: 

v =(-5.00 x 10 7 )(3.00 x 10~ 3 ) 2 +(3.00 x 10 5 )(3.00 x 10~ 3 ) 
V=-450 +900 = |450 m/s| 


(d) Evaluate x when t = 3.00 x 10 3 s: 


x =-(l.67 x 10 7 )(3.00 x 10~ 3 f +(l.50 x 10 5 )(3.00 x 10' 3 ) 2 
x =-0.450 +1.35 = |0.900m| 


Additional Problems 

*P2.60 (a) Assuming a constant acceleration: 

V f -V, _42.0 m/s 
■t?' ~~ 8.00 s 


a = 


5.25 m/s 2 


(b) Taking the origin at the original position of the car, 

X f =|(v) +V f )t=^( 42.0 m/s)(8.00 s) = | 168 m | 

(c) From V f =V j +at, the velocity 10.0 s after the car starts from rest 
is: 


P2.61 


v f =0 +(5.25 m/s 2 )(l0.0 s) = | 52.5 m/s | 

(a) From v 1 =vf +2 a\y, the insect's velocity after straightening its 
legs is 

v=4< +2a(Ay) 

=^/0+2(4 000 m/s 2 )(2.00xl0~ 3 m) = ^.00 m/s 


(b) The time to reach this velocity is 
_4.00 m/s-0 
\ -A 000 ^'/s 2 


t = 


4.00 x IQ' 3 s= | 1.00 ms| 
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P2.62 


P2.63 


(c) 


The upward displacement of the insect between when its feet 
leave the ground and its speed is momentarily zero is 


Ay 

Ay 


M Mi : 

0-(4.00 m/s)" 
2(-9.80 m/s 2 ) 


= |0.816 m| 


(a) The velocity is constant between t t = 0 and t = 4 s. Its acceleration 
is [0]. 

(b) a = (v 9 - vJ/(9 s - 4 s) = (18 - [-12]) (m/s)/5 s = |6.0 m/s 2 | 

(c) a = (u 18 - v 13 )/(18 s - 13 s) = (0 - 18) (m/s)/5 s = |-3.6 m/s 2 ~| 

(d) We read from the graph that the speed is zero 
|at f =6 s and at 18s| . 


(e) and (f) The object moves away from x = 0 into negative coordinates 
from t = 0 to t = 6 s, but then comes back again, crosses the origin 
and moves farther into positive coordinates until |f =18 s| , then 
attaining its maximum distance, which is the cumulative distance 
under the graph line: 

Ax =(-12 m/s)(4 s) +^(-12 m/s)(2 s) +^(l8 m/s)(3 s) 

+(l8 m/s)(4 s)^-(l8 m/s)(5 s) 

= | 84 m | 


(g) We consider the total distance, rather than the resultant 

displacement, by counting the contributions computed in part (f) 
as all positive: 

d = +60 m + 144 m = |204 m| 


We set y i = 0 at the top of the cliff, and find the time interval required 
for the first stone to reach the water using the particle under constant 
acceleration model: 


y, =y, +v/+^af 


or in quadratic form, 

-^yf-Vyt+Yf-y, =0 
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(a) If we take the direction downward to be negative, 

y f =-50.0 m, v yj =-2.00 m/s, and cty =-9.80 m/s 2 

Substituting these values into the equation, we find 

(4.90 m/s 2 )! 2 +(2.00 m/s)t-50.0 m =0 

We now use the quadratic formula. The stone reaches the pool 
after it is thrown, so time must be positive and only the positive 
root describes the physical situation: 

^ -2.00 m/s ±^(2.00 m/s) 2 -4(4.90 m/s 2 )(-50.0 m) 

2(4.90 m/s 2 ) 

= | 3.00 s | 

where we have taken the positive root. 

(b) For the second stone, the time of travel is 

t = 3.00 s - 1.00 s = 2.00 s 

Since y f =y ( +v yj t+^a y t 2 , 

-r -2 

-50.0 m-|(-9.80 m/s 2 )(2.00 s) 2 
= 2Ms 

= |-15.3 m/s] 

The negative value indicates the downward direction of the initial 
velocity of the second stone. 

(c) For the first stone, 

v lf =v li +a 1 t 1 =-2.00 m/s +(-9.80 m/s 2 )(3.00 s) 
v lf = |-31.4 m/s] 

For the second stone, 

v 2f =v 2j +a 2 t 2 =-15.3 m/s +(-9.80 m/s 2 )(2.00 s) 
v 2f = |-34.8 m/s] 
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*P2.65 


(a) Area A 1 is a rectangle. Thus, A x = hw = v xi t. 

Area A 2 is triangular. Therefore, A 2 =^t( v x - v xj ). 

The total area under the curve is 

(v -v 

A =A, +A 2 =vjm± -- 

1 2 x, 2 

and since v x - v xi = a x t, 

A =v xi t+-a x f 

” 2 x 


(b) 


The displacement given by the equation is: X = V xj t a x f , the 
same result as above for the total area. 


(a) Take initial and final points at top and bottom of the first incline, 
respectively. If the ball starts from rest, v t =0,a = 0.500 m/s 2 , and 
Xf-Xi = 9.00 m. Then 

Vf =vf +2a(x f -x i ) =0 2 +2(0.500 m/s 2 )(9.00 m) 
v f = | 3.00 m/s | 


(b) To find the time interval, we use 

x f -x. =vt+-s!^ 
f ' ' 2 

Plugging in, 

9.00 =0 (0.500 m/s 2 )? 2 

P i 6.00 if 

(c) Take initial and final points at the bottom of the first plane and 
the top of the second plane, respectively: Vi = 3.00 m/s, Vf = 0, and 
Xf-Xi = 15.0 m. We use 

\A f =vf +2 a[x f -Xi) 


which gives 

v* f - vf _ Q-(3.00 m/s) 2 
9 2(x f -x i ) 2(15.0 m) 


=| -0.300 m/s 2 | 
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*P2.66 


(d) Take the initial point at the bottom of the first plane and the final 
point 8.00 m along the second plane: 

Vi = 3.00 m/s, Xf- Xi = 8.00 m, a = -0.300 m/s 2 
*4 =vf +2a[x f -x j ) =(3.00 m/s) 2 +2(-0.300 m/s 2 )(8.00 m) 
=4.20 m 2 /s 2 
v f = | 2.05 m/s~| 

Take downward as the positive y direction. 

(a) While the woman was in free fall. Ay =144 ft, v t =0, and we take 
a=g= 32.0 ft/s 2 . Thus, 

Ay =v ; t+^at 2 144 ft =0 +(l6.0 ft/s 2 )! 2 
giving t fall =3.00 s. Her velocity just before impact is: 
v f =Vi +gt=0 +(32.0 ft/s 2 )(3.00 s) = | 96.0 ft/s | 

(b) While crushing the box, V t =96.0 ft/s, V f =0,and 
Ay =18.0 in. =1.50 ft. Therefore, 


v'r-vf _0-(96.0 ft/s) 2 
2 (Ay) 2(#ft) 


-3.07 xlO 3 ft/s 2 


or | a =3.07 x 10 3 ft/s 2 upward | =96.0 g. 

(c) Time to crush box: 

At =4y - A y - 2 ( i - 5Qft ) : 

V 0 +96.0 ft/s 

or | At =3.13x10-^] 

P2.67 (a) The elevator, moving downward at the constant speed of 

5.00 m/s has moved d=vAt =(5.00 m/s)(5.00 s) =25.0 m below 
the position from which the bolt drops. Taking the positive 
direction to be downward, the initial position of the bolt to be x B = 
0, and setting t = 0 when the bolt drops, the position of the top of 
the elevator is 


y E =y E/ +v Ei t+^a E f 

y E =25.0 m +(5.00 m/s)t 
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and the position of the bolt is 

y„ =y,i +v, i t+^a B t 2 

y B =i(9.80 m/s 2 )! 2 

Setting these expressions equal to each other gives 

y E =y B 

25.0 m +(5.00 m/s)t=|(9.80 m/s 2 )f 
4.90t 2 - 5.00t-25.0 =0 
The (positive) solution to this is t = |2.83 s| . 


(b) 

Both problems have an object traveling at constant velocity being 
overtaken by an object starting from rest traveling in the same 
direction at a constant acceleration. 

(c) 



The top of the elevator travels a total distance 
d =(5.00 m/s)(5.00 s +2.83 s) =39.1 m 
from where the bolt drops to where the bolt strikes the top of 
the elevator. Assuming 1 floor = 3 m, this distance is about 
(39.1 m)(l floor/3 m) = 13 floors. 



P2.68 For the collision not to occur, the front of the passenger train must not 
have a position that is equal to or greater than the position of the back 
of the freight train at any time. We can write expressions of position to 
see whether the front of the passenger car (P) meets the back of the 
freight car (F) at some time. 

Assume at t = 0, the coordinate of the front of the passenger car is 
x pi = 0; and the coordinate of the back of the freight car is x Pl = 58.5 m. 
At later time t, the coordinate of the front of the passenger car is 

x P =x P/ +v Pi t+^a P ? 
x P =(40.0 m/s)t+|(-3.00 m/s 2 )? 
and the coordinate of the back of the freight car is 
x F =x F/ +v Fi t+^a P ? 

X F =58.5 m +(l6.0 m/s)t 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 



Motion in One Dimension 


P2.69 


Setting these expression equal to each other gives 
x P =x F 

(40.0 m/s )t +^(-3.00 m/s 2 )f =58.5 m +(l6.0 m/s)t 

or (1.50)^ +(-24.0 )t +58.5 =0 

after simplifying and suppressing units. 

We do not have to solve this equation, we just want to check if a 
solution exists; if a solution does exist, then the trains collide. A 
solution does exist: 


^ _-(-24.0) ±^(-24.0 ) 2 - 4 (1.50) (58.5) 
t 2(L50) 

t _ 24.0 +V576-351 f _ 24.0 ±^225 _ 24.0 ±15 
TOO > TOO 3.00 


The situation is impossible since there is a finite time 
for which the front of the passenger train and the 
back of the freight train are at the same location. 


(a) As we see from the graph, from 
about -50 s to 50 s Acela is cruising 
at a constant positive velocity in the 
+x direction. From 50 s to 200 s, 

Acela accelerates in the +x direction 
reaching a top speed of about 
170 mi/h. Around 200 s, the 
engineer applies the brakes, and the 
train, still traveling in the +x direction, 
slows down and then stops at 350 s. Just after 350 s, Acela 
reverses direction (v becomes negative) and steadily gains speed 
in the -x direction. 



ANS. FIG. P2.69(a) 


(b) 


The peak acceleration between 45 and 170 mi/h is given by the 
slope of the steepest tangent to the v versus t curve in this 
interval. From the tangent line shown, we find 


i Av 

a = slope =— 
F At 


(155-45) mi/h 
(100-50) s 


= |2.2 (mi/h)/s| =0.98 m/s 2 
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(c) Let us use the fact that the area 

under the v versus t curve equals the 
displacement. The train's 
displacement between 0 and 200 s is 
equal to the area of the gray shaded 
region, which we have approximated 
with a series of triangles and 
rectangles. 

AXo —>200 s =area 1 +area 2 +area 3 +area 4 +area 5 
~ (50 mi/h)(50 s) +(50 mi/h)(50 s) 
+(160 mi/h)(l00 s) 

+^-(50 s)(l00 mi/h) 

+^(100 s)(l70 mi/h-160 mi/h) 
=24 000(mi/h)(s) 



A NS. FIG. P 2.69(c) 


Now, at the end of our calculation, we can find the displacement 
in miles by converting hours to seconds. As 1 h = 3 600 s. 


^*0-»200s — 


24 000 mi 
3 600 s 



We use the relation v\ =vf +2e(x f - x ( ), where v i = -8.00 m/s and 
v f = 16.0 m/s. 

(a) The displacement of the first object is Ax = +20.0 m. Solving the 
above equation for the acceleration a, we obtain 

\A-vf 

a =- 

2 Ax 

_(l6.0 m/s) 2 -(-8.00 m/s) 2 

3 2(20.0 m) 

a= [ 44.80 m/s 2 1 

(b) Here, the total distance d = 22.0 m. The initial negative velocity 
and final positive velocity indicate that first the object travels 
through a negative displacement, slowing down until it reverses 
direction (where v = 0), then it returns to, and passes, its starting 
point, continuing to speed up until it reaches a speed of 16.0 m/s. 
We must consider the motion as comprising three displacements; 
the total distance d is the sum of the lengths of these 
displacements. 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly. 


sible website, in whole or in part. 













82 


Motion in One Dimension 


P2.71 


We split the motion into three displacements in which the 
acceleration remains constant throughout. We can find each 
displacement using 


Displacement Ax 1 = -d x for velocity change -8.00 —> 0 m/s: 

Ax wjjfcj- 8 ) 2 , rf _8 2 

1 2 a 2 a 2 a ^ 2 a 


Displacement Ax 2 = +t/ for velocity change 0 —> +8.00 m/s: 

' ' y-f- vf/JpOO ^ 8 2 = 8^ 

2 2a ^ ‘|Sr 2a ^ 2 2a 


Ax 3 = 


Displacement Ax 3 = +d 2 for velocity change +8.00 —> +16.0 m/s: 

Jtj-vf _ (l6.0j^ 2 -|||^m/s) 2 _ 16 2 -8 2 

2a 2a 2a 

. 16 2 -8 2 

Suppressing units, the total distance is d = d 1 + d 2 + d 3 , or 
16 2 -8 2 16 2 +8 2 


d=4+4+4=2 ^l+- 


2a 


2a 


Solving for the acceleration gives 

y~vf _(l6 m/s) 2 +(8 m/s) 2 _(l6 m/s) 2 +(8 m/s) 2 

9 2d 2d 2(22.0 m) 

a = 7.27 m/s 2 1 

(a) In order for the trailing athlete to be able to catch the leader, his 
speed (u,) must be greater than that of the leading athlete (u 2 ), and 
the distance between the leading athlete and the finish line must 
be great enough to give the trailing athlete sufficient time to make 
up the deficient distance, d. 

(b) During a time interval t the leading athlete will travel a distance 
d 2 = v 2 t and the trailing athlete will travel a distance d t = v 3 t. Only 
when d 3 = d 2 + d (where d is the initial distance the trailing athlete 
was behind the leader) will the trailing athlete have caught the 
leader. Requiring that this condition be satisfied gives the elapsed 
time required for the second athlete to overtake the first: 

d 3 = d 2 + d or v-d = v 2 t + d 
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giving 


v x t- v 2 t =d or 



(c) In order for the trailing athlete to be able to at least tie for first 
place, the initial distance D between the leader and the finish line 
must be greater than or equal to the distance the leader can travel 
in the time t calculated above (i.e., the time required to overtake 
the leader). That is, we must require that 

or 



P2.72 Let point 0 be at ground level and point 1 be at the end 
of the engine bum. Let point 2 be the highest point the 
rocket reaches and point 3 be just before impact. The 
data in the table below are found for each phase of the 
rocket's motion. 

(0 to 1): v* -(80.0 m/s) 2 =2(4.00 m/s 2 )(1 000 m) A NS. FIG. P2.72 

so v f = 120 m/s. Then, 120 m/s = 80.0 m/s + (4.00 m/s 2 )f 
giving t = 10.0 s. 

(1 to 2) 0 - (120 m/s f = 2(-9.80 m/s 2 )(y / - y ; ) 

giving y f -y i = 735 m, 

0 - 120 m/s = (-9.80 m/s 2 )f 
giving t = 12.2 s. 

This is the time of maximum height of the rocket. 

(2 to 3) \f f — 0 =2(-9.80 m/s 2 )(-l 735 m) or v f = -184 m/s 
Then v f = -184 m/s = (-9.80 m/s 2 )f 
giving t = 18.8 s. 

( a ) ftotal = 10 s + 12 - 2 s + 18 - 8 s = |41.0 s | 

(b) (y f -y,) tota] = 11.73 km I 

(c) \/ final = 1-184 m/s | 



© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly. 


sible website, in whole or in part. 











84 Motion in One Dimension 




t 

X 

V 

a 

0 

Launch 

0.0 

0 

80 

+4.00 

#1 

End Thrust 

10.0 

1000 

120 

+4.00 

#2 

Rise Upwards 

22.2 

1735 

0 

-9.80 

#3 

Fall to Earth 

41.0 

0 

-184 

-9.80 


P2.73 


We have constant-acceleration equations to apply to the two cars 
separately. 

(a) Let the times of travel for Kathy and Stan be t K and t s , where 
t s = t K + 1.00 s 

Both start from rest (v xiK = v xi S = 0), so the expressions for the 
distances traveled are 

x„ =|a x(f £ =|(4.90 m/s 2 )£ 

and x s =|a xS £ =|(3.50 m/s 2 )(£ +1.00 s) 2 

When Kathy overtakes Stan, the two distances will be equal. 
Setting = x s gives 

|(4.90 m/s 2 )£ =|(3.50 m/s 2 )(£ +1.00 s) 2 
This we simplify and write in the standard form of a quadratic as 
£-(5.00 tJs-2.50 s 2 =0 


We solve using the quadratic formula t 
suppressing units, to find 

t = 5 ± ^5 2 - 4(l)(-2.5) = 5 + V35 = 

/c 2( 1) 2 


-b±y]tr -4ac 


Only the positive root makes sense physically, because the 
overtake point must be after the starting point in time. 

(b) Use the equation from part (a) for distance of travel. 


=\a x ,<& =|(4.90 m/s 2 )(5.46 s) 2 = |73.0m| 
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(c) Remembering that v xi K = v xi s = 0, the final velocities will be: 

Vxfx =a X/K t K =(4.90 m/s 2 )(5.46 s) = |26.7 m/s| 
v xf,s =a X/S t s =(3.50 m/s 2 )(6.46 s) = |22.6 m/s| 

(a) While in the air, both balls have acceleration a x =a 2 = -g (where 
upward is taken as positive). Ball 1 (thrown downward) has 
initial velocity v 01 = -v 0 , while ball 2 (thrown upward) has initial 
velocity v 02 = v 0 . Taking y = 0 at ground level, the initial y 
coordinate of each ball is y 01 = y 02 = +h. Applying 

Ay —y— y, =yt at 2 to each ball gives their y coordinates at 
time t as 

Ball 1: y^h^vji^-g)? 

Ball 2: y 2 -h=4v 0 t+^(-g)f or 


V\ =h- v 0 t- — gt 2 


y 2 =h +v 0 t- - gt 1 


At ground level, y = 0. Thus, we equate each of the equations 
found above to zero and use the quadratic formula to solve for 
the times when each ball reaches the ground. This gives the 
following: 

BaH 1: 0 =h- gtf +(lv 0 )t x +(-2 h) =0 


t _-2v„ ±V(2^) 2 -4(gr)(-2M _ Q 2 | 2 h 

1 2 g g \{g) g 


Using only the positive solution gives 




Ht) 

=h+v 0 t 2 -h 

t _ ~ \/ 0 ) ±^/(-2 \/ 0 ) 2 - 4 ( gr) (-2 /7) =+ ^ ± If yV 2h 

2 2 g g \{g) g 

using only the / 


Ball 2: 0 =h+v 0 t 2 ~g%^g% +(-2v 0 )t 2 +(-2 h) =0 


Again, using only the positive solution. 
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(b) 


Thus, the difference in the times of flight of the two balls is 


A t=t 2 -t x 



(b) Realizing that the balls are going downward (v < 0) as they near 
the ground, we use v 2 = vf + 2a( Ay) with Ay = -h to find the 
velocity of each ball just before it strikes the ground: 

Ball 1: 


v lf =- y ]\f li +2a l [-h) =-J(-v 0 ) 2 +2 (~g)(-h) =\-Jv* 0 +2gh\ 


Ball 2: 


(c) 


v 2f =- y ]v l 2i +2a 2 [-h) =-J(+vJ +2(-g){-h) = \-Jv* Q +2gh\ 

While both balls are still in the air, the distance separating them is 

d=y 2 -y 1 ^ h+v o t -l^y{^-v 0 t-^gt 1 )=\ 2 ^\ 


We translate from a pictorial representation through a geometric 
model to a mathematical representation by observing that the 
distances x and y are always related by x 2 + y 2 = L 2 . 

(a) Differentiating this equation with respect to time, we have 


dx dy 
1X ~dt +ly di = ° 


dy 

Now the unknown velocity of B is =V i 


, dx 

and —jr — v, 


so the differentiated equation becomes 



We assume that 6 starts from zero. At this instant l/tan0 is infinite, 
and the velocity of B is infinitely larger than that of A. As 6 increases, 
the velocity of object B decreases, becoming equal to v when 6 = 45°. 
After that instant, B continues to slow down with non-constant 
acceleration, coming to rest as 6 goes to 90°. 
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Time 

Ms) 

Height 
h( m) 

Ah 

(m) 

At 

(s) 

V 

(m/s) 

midpoint 
timet (s) 

0.00 

5.00 

0.75 

0.25 

3.00 

0.13 

0.25 

5.75 

0.65 

0.25 

2.60 

0.38 

0.50 

6.40 

0.54 

0.25 

2.16 

0.63 

0.75 

6.94 

0.44 

0.25 

1.76 

0.88 

1.00 

7.38 

0.34 

0.25 

1.36 

1.13 

1.25 

7.72 

0.24 

0.25 

0.96 

1.38 

1.50 

7.96 

0.14 

0.25 

0.56 

1.63 

1.75 

8.10 

0.03 

0.25 

0.12 

1.88 

2.00 

8.13 

-0.06 

0.25 

-0.24 

2.13 

2.25 

8.07 

-0.17 

0.25 

-0.68 

2.38 

2.50 

7.90 

-0.28 

0.25 

-1.12 

2.63 

2.75 

7.62 

-0.37 

0.25 

-1.48 

2.88 

3.00 

7.25 

-0.48 

0.25 

-1.92 

3.13 

3.25 

6.77 

-0.57 

0.25 

-2.28 

3.38 

3.50 

6.20 

-0.68 

0.25 

-2.72 

3.63 

3.75 

5.52 

-0.79 

0.25 

-3.16 

3.88 

4.00 

4.73 

-0.88 

0.25 

-3.52 

4.13 

4.25 

3.85 

-0.99 

0.25 

-3.96 

4.38 

4.50 

2.86 

-1.09 

0.25 

-4.36 

4.63 

4.75 

1.77 

-1.19 

0.25 

-4.76 

4.88 

5.00 

0.58 






TABLE P2.76 
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The very convincing fit of a single straight line to the points in the 
graph of velocity versus time indicates that the rock does fall with 
constant acceleration. The acceleration is the slope of line: 

a, vg =-1.63 m/s 2 = | 1.63 m/s 2 downward) 



*P2.77 Distance traveled by motorist = (15.0 m/s)f 

Distance traveled by policeman =^(2.00 m/s 2 )f 

(a) Intercept occurs when 15.0 t=f, or t = | 15.0 s] . 

(b) y(officer) =(2.00 m/s 2 )f = |~30.0 m/s~| 

(c) x(officer) =^(2.00 m/s 2 )! 2 = | 225 m | 

*P2.78 The train accelerates with a\ = 0.100 m/s 2 then decelerates with 

ai = -0.500 m/s 2 . We can write the 1.00-km displacement of the train as 

x =1000 m =i a,At? +v x f At 2 +1 a,A? 2 

with t = ti + ti- Now, V lf =a l At 1 =-a 1 At 2 ; therefore 


000 m =^a 1 Af 1 +a 1 At 1 


1000 m 


1000 m =^-(0.100 m/s 2 )fl--^ 1 ^^f y lA^ 

2' \ -0.500 m/s 2 ) 1 


A , [20000 inQ 

At =. -s =129 s 

1 V 1.20 

a At 12.9 

At = -s - 26 s 

2 -a, 0.500 
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*P2.79 


P2.80 


Total time =A t =At ] +A t 2 =129 s +26 155 | 


The average speed of every point on the train as the first car passes Liz 
is given by: 


Ax 

At 


8.60 nfr 
' 1.50§? 


=5.73 m/s 


The train has this as its instantaneous speed halfway through the 1.50-s 
time. Similarly, halfway through the next 1.10 s, the speed of the train 

is =7.82 m/s. The time required for the speed to change from 

5.73 m/s to 7.82 m/s is 


-(1.50 s)+-(1.10 s) =1.30 s 
2 2 


so the acceleration is: a x 


Av x _7.82 m/s -5.73 m/s 
~At 1.30 s 


1.60 m/s 2 


Let the ball fall freely for 1.50 m after starting from rest. It strikes at 
speed given by 

=\4 +2a[x f -x i ) 


=0 +2(-9.80 m/s 2 )(-1.50 m) 


Vrf =-5.42 m/s 


If its acceleration were constant, its stopping would be described by 

=*4 +2a x (x f -x j ) 

0 =(-5.42 m/s) 2 +2a x (-10 -2 m) 

a x = ~ 29A m / s =+i.47 xlO 3 m/s 2 


Upward acceleration of this same order of magnitude will continue for 
some additional time after the dent is at its maximum depth, to give 
the ball the speed with which it rebounds from the pavement. The 
ball's maximum acceleration will be larger than the average 
acceleration we estimate by imagining constant acceleration, but will 
still be of order of magnitude |~ 10 3 m/s 2 ] . 
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Challenge Problems 

P2.81 (a) From the information in the problem, we model the blue car as a 

particle under constant acceleration. The important "particle" for 
this part of the problem is the nose of the car. We use the position 
equation from the particle under constant acceleration model to 
find the velocity v 0 of the particle as it enters the intersection 

x=x 0 -H/ 0 t+|at 2 

-> 28.0 m =0 +v 0 (3.10 s) +|(-2.10 m/s 2 )(3.10 s) 2 
—» v 0 =12.3 m/s 

Now we use the velocity-position equation in the particle under 
constant acceleration model to find the displacement of the 
particle from the first edge of the intersection when the blue car 
stops: 

v 1 =\f 0 +2a(x-x 0 ) 


or 


x— x 0 


y-vg _0-(l2.3 m/s) 2 
2a 2(-2.10 m/s 2 ) 


= | 35.9 m| 


(b) The time interval during which any part of the blue car is in the 
intersection is that time interval between the instant at which the 
nose enters the intersection and the instant when the tail leaves 
the intersection. Thus, the change in position of the nose of the 
blue car is 4.52 m + 28.0 m = 32.52 m. We find the time at which 
the car is at position x = 32.52 m if it is at x = 0 and moving at 
12.3 m/s at t = 0: 

x=x 0 +\/ 0 t+|at 2 

—> 32.52 m =0 +(l2.3 m/s)t+|(-2.10 m/s 2 )! 2 

->-1.051 2 +12.3!- 32.52 =0 


The solutions to this quadratic equation are t = 4.04 s and 7.66 s. 
Our desired solution is the lower of two, so ! = |4.04s| , (The later 
time corresponds to the blue car stopping and reversing, which it 
must do if the acceleration truly remains constant, and arriving 
again at the position x = 32.52 m.) 

(c) We again define t = 0 as the time at which the nose of the blue car 
enters the intersection. Then at time t = 4.04 s, the tail of the blue 
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P2.82 


car leaves the intersection. Therefore, to find the minimum 
distance from the intersection for the silver car, its nose must 
enter the intersection at t = 4.04 s. We calculate this distance from 
the position equation: 

X— X 0 +v 0 t+^at 2 =0 +0 +^-(5.60 m/s 2 )(4.04 s) 2 = |45.8 m| 

(d) We use the velocity equation: 

v =v 0 +at = 0 +(5.60 m/s 2 )(4.04 s) = |22.6 m/s| 

(a) Starting from rest and accelerating at a b = 13.0 mi/h • s, the bicycle 
reaches its maximum speed of v bmax = 20.0 mi/h in a time 

t _ 'W-0_ 200mi/h 
bA a b 13.0 mi/h • s 

Since the acceleration a c of the car is less than that of the bicycle, 
the car cannot catch the bicycle until some time t > t hl (that is, 
until the bicycle is at its maximum speed and coasting). The total 
displacement of the bicycle at time t is 

*X b =\a&,l +Vnax(t-tJ 

JWV*\ X 
{ 1 mi/h J 

^13.0^1^(1.54 s) 2 +(20.0 mi/h)(t-1.54 s)j 
=(29.4 ft/s)t- 22.6 ft 


The total displacement of the car at this time is 

At the time the car catches the bicycle, Ax c =Ax b . This gives 
(6.62 ft/s 2 )! 2 =(29.4 ft/s)t-22.6 ft 
or f - (4.44 s)t +3.42 s 2 =0 


that has only one physically meaningful solution t > t b r This 
solution gives the total time the bicycle leads the car and is 
fc= |3.45 s) 

(b) The lead the bicycle has over the car continues to increase as long 
as the bicycle is moving faster than the car. This means until the 
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P2.83 


car attains a speed of v c = v bmax = 20.0 mi/h. Thus, the elapsed 
time when the bicycle's lead ceases to increase is 



20.0 mi/h 
9.00 mi/h • s 


=2.22 s 


At this time, the lead is 

(Ax b - Ax c ) max =(Ax b - Ax c )| t=a-22 s 

=[(29.4 ft/s)(2.22 s)- 22.6 ft] 

-[(6.62 ft/s 2 )(2.22s) 2 ] 

or (Ax b -Ax c ) max = | 10.0 ft | 


Consider the runners in general. Each completes the race in a total time 
interval T. Each runs at constant acceleration a for a time interval At, 


so each covers a distance (displacement) Ax a =-aAf where they 


eventually reach a final speed (velocity) V =aAt, after which they run 
at this constant speed for the remaining time (T- At) until the end of 
the race, covering distance Ax v =v(T- At) =aAt(T- At). The total 
distance (displacement) each covers is the same: 


Ax =Ax a +Ax„ 

=^aAf +a\t[T -At) 

=3^^^ +At(T — At) J 
AX 

so a =-:- 

^At 2 +At(T-At) 

where Ax =100 m and T = 10.4 s. 

(a) For Laura (runner 1), At a = 2.00 s: 

a, = (100 m)/(18.8 s 2 ) = |5.32 m/s 2 -] 
For Healan (runner 2), At 2 = 3.00 s: 

a 2 = (100 m)/(26.7 s 2 ) = ^^m/^!; 

(b) Laura (runner 1): v 1 = At, = |l0.6 m/s] 
Healan (runner 2): v 2 = a 2 At 2 = |ll,2 m/s] 
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(c) The 6.00-s mark occurs after either time interval At From the 
reasoning above, each has covered the distance 

Ax=a^At 2 +At(t-At)j 

where t = 6.00 s. 

Laura (runner 1): Ax 1 = 53.19 m 
Healan (runner 2): Ax 2 = 50.56 m 
[So, Laura is ahead by (53.19 m- 50.56 m) =2.63 m.| 

(d) Laura accelerates at the greater rate, so she will be ahead of 
Healen at, and immediately after, the 2.00-s mark. After the 3.00-s 
mark, Healan is travelling faster than Laura, so the distance 
between them will shrink. In the time interval 

from the 2.00-s mark to the 3.00-s mark, the distance between 
them will be the greatest. 

During that time interval, the distance between them (the position 
of Laura relative to Healan) is 

D =Ax 1 -Ax 2 =a^At? -l-Afitt-AijJ-^a/ 

because Laura has ceased to accelerate but Healan is still 
accelerating. Differentiating with respect to time, (and doing 
some simplification), we can solve for the time t when D is an 
maximum: 

^r=a l At 1 -a 2 t= 0 

which gives 

t =At/^l =(2.00 s)f **** ) =2.84 s 
\aj 1,3.75 m/s 2 J 

Substituting this time back into the expression for D, we find that 
D = 4.47 m, that is, Laura ahead of Healan by |4.47 m.| 
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P2.84 


(a) The factors to consider are as follows. The red bead falls through 
a greater distance with a downward acceleration of g. The blue 
bead travels a shorter distance, but with acceleration of gsmd. A 
first guess would be that the blue bead "wins," but not by much. 
We do note, however, that points @, ©, and © are the 
vertices of a right triangle with @ © as the hypotenuse. 

(b) The red bead is a particle under constant acceleration. Taking 
downward as the positive direction, we can write 

Ay=y 0 +v y0 t+^af 


as D=^ge R 


which gives 



(c) The blue bead is a particle under constant acceleration, with 

a =gsmd. Taking the direction along L as the positive direction, 
we can write 


Ay=y 0 +v y0 t+-a / t 2 


as L =-^(gsmO)t 1 B 


which gives 



(d) For the two beads to reach point © simultaneously, t R = t B . Then, 

[2D _ I 2 L 
g )j g sin0 


Squaring both sides and cross-multiplying gives 
2 gD sin# —2gL 


We note that the angle between chords © © and © © is 
90°- 0, so that the angle between chords © © and © © is 
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0. Then, sin 6 =—, and the beads arrive at point © 
simultaneously. 

(e) Once we recognize that the two rods form one side and the 

hypotenuse of a right triangle with 9 as its smallest angle, then 
the result becomes obvious. 

P2.85 The rock falls a distance d for a time interval At, and the sound of the 
splash travels upward through the same distance d for a time interval 
At 2 before the man hears it. The total time interval 
At =At 1 +At 2 =2.40 s. 

(a) Relationship between distance the rock falls and time interval 
At,: 

d=\g At? 

Relationship between distance the sound travels and time interval 
At 2 : d=V s At 2 , where v s = 336 m/s. 

d=V^ =\qK 

Substituting At, =At-At 2 gives 
2^=(At-At 2 ) 2 

g 

(At 2 ) 2 -2^At+-^jAt 2 +A f =0 

( ^ ) 2 - 2 ( 2 - 40s + ^ 77) A ^ 2 ' 40 5)2 =0 

(At 2 ) 2 - (73.37 )At 2 +5.76=0 
Solving the quadratic equation gives 

At, =0.078 6 s ^ d=V s At 2 = |26.4 m| 

(b) Ignoring the sound travel time, 

d=^(9.80 m/s 2 )(2.40 s) 2 =28.2 m, an error of |6.82%| . 
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lNSWERS to even-numbered problems 


P2.2 0.02 s 

P2.4 (a) 50.0 m/s; (b) 41.0 m/s 

P2.6 (a) 27.0 m; (b) 27.0 m + (18.0 m/s) At + (3.00 m/s 2 )( A f ); (c) 18.0 m/s 

P2.8 (a) +L/ty (b) -L/f 2 ; (c) 0; (d) 2 L/t,+ t 2 

P2.10 1.9 x 10 8 years 

P2.12 (a) 20 mi/h; (b) 0; (c) 30 mi/h 

P2.14 1.34 xlO 4 m/s 2 

P2.16 See graphs in P2.16. 

P2.18 (a) See ANS. FIG. P2.18; (b) 23 m/s, 18 m/s, 14 m/s, and 9.0 m/s; 

(c) 4.6 m/s 2 ; (d) zero 

P2.20 (a) 13.0 m/s; (b) 10.0 m/s, 16.0 m/s; (c) 6.00 m/s 2 ; (d) 6.00 m/s 2 ; 

(e) 0.333 s 

P2.22 (a-e) See graphs in P2.22; (f) with less regularity 

P2.24 160 ft. 

P2.26 4.53 s 

P2.28 (a) 6.61 m/s; (b) -0.448 m/s 2 

P2.30 (a) 20.0 s; (b) No; (c) The plane would overshoot the runway. 

P2.32 31 s 

P2.34 The accelerations do not match. 

P2.36 (a) x f - Xj =v xf t-^a x t 1 ; (b) 3.10 m/s 

P2.38 (a) 2.56 m; (b) -3.00 m/s 

P2.40 19.7 cm/s; (b) 4.70 cm/s 2 ; (c) The length of the glider is used to find the 

average velocity during a known time interval. 

P2.42 (a) 3.75 s; (b) 5.50 cm/s; (c) 0.604 s; (d) 13.3 cm, 47.9 cm; (e) See P2.42 

part (e) for full explanation. 

P2.44 (a) 8.20 s; (b) 134 m 

P2.46 (a and b) The rock does not reach the top of the wall with v f = 3.69 m/s; 
(c) 2.39 m/s; (d) does not agree; (e) The average speed of the upward- 
moving rock is smaller than the downward moving rock. 

P2.48 (a) 29.4 m/s; (b) 44.1 m 
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P2.50 7.96 s 

P2.52 0.60 s 

P2.54 (a) —+ —; (b) —- — 

t 2 t 2 

P2.56 (a) (u ; + gt); (b) | gt 2 ; (c) | v, - gt| ; (d) ^ git 2 

P2.58 (a) See graphs in P2.58; (b) See graph in P2.58; (c) -4 m/s 2 ; (d) 32 m; 

(e) 28 m 

P2.60 (a) 5.25 m/s 2 ; (b) 168 m; (c) 52.5 m/s 

P2.62 (a) 0; (b) 6.0 m/s 2 ; (c) -3.6 m/s 2 ; (d) at t = 6 s and at 18 s; 

(e and f) t = 18 s; (g) 204 m 

P2.64 (a) A = v xi t aj 2 ; (b) The displacement is the same result for the total 

area. 

P2.66 (a) 96.0 ft/s; (b) 3.07 x 10 3 ft/s 2 upward; (c) 3.13 x 1(T 2 s 

P2.68 The trains do collide. 

P2.70 (a) +4.8 m/s 2 ; (b) 7.27 m/s 2 

P2.72 (a) 41.0 s; (b) 1.73 km; (c) -184 m/s 

P2.74 (a) Ball 1: y 1 =h- v 0 t-^gtr, Ball 2: y 2 =h+v 0 t-^gt 2 ,^-; (b) Ball 1: 

+2 gh, Ball 2: +2 gh; (c) 2v 0 t 

P2.76 (a and b) See TABLE P2.76; (c) 1.63 m/s 2 downward and see graph in 
P2.76 

P2.78 155 s 

P2.80 ~10 3 m/s 2 

P2.82 (a) 3.45 s; (b) 10.0 ft. 

P2.84 (a) The red bead falls through a greater distance with a downward 

acceleration of g. The blue bead travels a shorter distance, but with 
acceleration of gsinO. A first guess would be that the blue bead 

"wins," but not by much, (b) 

at point © simultaneously; (e) Once we recognize that the two rods 
form one side and the hypotenuse of a right triangle with 0 as its 
smallest angle, then the result becomes obvious. 


; (d) the beads arrive 
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OQ3.6 Answer (d). If we write vector A as 

(a,a)=(-KIKI) 

and vector B as 

(e„e y )=(|ej,-|e y |) 

then 

B-A=(|Bj-(-|Aj),-|e y |-|A y |)=(|Bj-HA x |,-|B y |-|A y |) 

which would be in the fourth quadrant. 

OQ3.7 The answers are (a) yes (b) no (c) no (d) no (e) no (f) yes (g) no. Only 
force and velocity are vectors. None of the other quantities requires a 
direction to be described. 

OQ3.8 Answer (c). The vector has no y component given. It is therefore 0. 

OQ3.9 Answer (d). Take the difference of the x coordinates of the ends of the 
vector, head minus tail: -4 - 2 = -6 cm. 

OQ3.10 Answer (a). Take the difference of the y coordinates of the ends of the 
vector, head minus tail: 1 - (-2) = 3 cm. 

0 Q 3.11 Answer (c). The signs of the components of a vector are the same as the 
signs of the points in the quadrant into which it points. If a vector 
arrow is drawn to scale, the coordinates of the point of the arrow equal 
the components of the vector. All x and y values in the third quadrant 
are negative. 

OQ3.12 Answer (c). The vertical component is opposite the 30° angle, so 
sin 30° = (vertical component)/50 m. 

0 Q3.13 Answer (c). A vector in the second quadrant has a negative x 
component and a positive y component. 


ANSWERS TO CONCEPTUAL QUESTIONS 


CQ3.1 Addition of a vector to a scalar is not defined. Try adding the speed 
and velocity, 8.0 m/s + (15.0 m/ si): Should you consider the sum to 
be a vector or a scalar? What meaning would it have? 

CQ3.2 No, the magnitude of a vector is always positive. A minus sign in a 
vector only indicates direction, not magnitude. 

CQ3.3 (a) The book's displacement is zero, as it ends up at the point from 

which it started, (b) The distance traveled is 6.0 meters. 
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CQ3.4 Vectors A and B are perpendicular to each other. 

CQ3.5 The inverse tangent function gives the correct angle, relative to the +x 
axis, for vectors in the first or fourth quadrant, and it gives an incorrect 
answer for vectors in the second or third quadrant. If the x and y 
components are both positive, their ratio y/x is positive and the vector 
lies in the first quadrant; if the x component is positive and the y 
component negative, their ratio y/x is negative and the vector lies in 
the fourth quadrant. If the x and y components are both negative, their 
ratio y/x is positive but the vector lies in the third quadrant; if the x 
component is negative and the y component positive, their ratio y/x is 
negative but the vector lies in the second quadrant. 


SOLUTIONS TO END-OF-CHAPTER PROBLEMS 


Section 3.1 Coordinate Systems 

P3.1 ANS. FIG. P3.1 helps to visualize the x and y 
coordinates, and trigonometric functions will 
tell us the coordinates directly. When the polar 
coordinates (r, 0) of a point P are known, the 
Cartesian coordinates are found as 

x=rcos6 and y =rsin6 

Then, 

x= rcos6 = (5.50 m) cos 240° 

= (5.50 m)(-0.5) = |-2.75 m | 
y= r sin 0 = (5.50 m) sin 240° 

= (5.50 m)(-0.866)^ ||—4.76 m[ 



P3.2 (a) We use x =rcos0. Substituting, we have 2.00 = rcos 30.0°, so 

r=—00_ = ^3|] 

cos 30.0° - 

(b) From y =rsin0, we have y =rsin30.0° =2.31sin30.0° = |l,151 . 
*P3.3 (a) The distance between the points is given by 


d=J[x 2 -xJ +(y 2 - y 1 ) 2 

= V (2.00-[-3.00]) 2 +(-4.00- 3.00 ) 2 
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P3.4 


P3.5 


P3.6 


af=V25.0 +49.0 = | 8.60 m | 

(b) To find the polar coordinates of each point, we measure the radial 
distance to that point and the angle it makes with the +x axis: 


r x =V(2.00 f +(-4.00 f =V2O0 = | 4.47 m | 

e ' =tan "(-ft>ci) = ^3 


r 2 =V(-3.00) 2 +(3.00 f =Vl84) = | 4.24 m | 

0 2 = | 135° | measured from the +x axis. 

(a) x =rcos0 and y =rsin0, therefore, 

x x = (2.50 m) cos 30.0°, y x = (2.50 m) sin 30.0°, and 
{x x ,y x ) = |(2.17,1.25) m| 

x 2 = (3.80 m) cos 120°, y 2 = (3.80 m) sin 120°, and 
(x 2 , y 2 ) = |(-1.90, 3.29)m] 

(b) d =yj( AX) 2 +(Ay) 2 =V4.07 2 +2.04 2 m = |4.55m| 

For polar coordinates (r, 6), the Cartesian coordinates are (x = r cos 6, 
y = r sin 6), if the angle is measured relative to the +x axis. 

(a) | (-3.56 cm, -2.40 cm) | 

(b) (+3.56 cm, - 2.40 cm) -> |(4.30 cm, - 340°)] 

(c) (7.12 cm, 4.80 cm) -> |(8.60 cm, 34.0^] 

(d) (-10.7 cm, 7.21 cm) -^ [(12.9 cm, 146°) | 

We have r =^x 2 +y 2 and 6 =tan _1 j. 

(a) The radius for this new point is 

V(-x) 2 +y 2 = -\Jx 2 +y 2 =0 

and its angle is 

tan^'^j = |18O°-0| 
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(b) yl(-2x) 2 +(-2y) 2 =[2?1. This point is in the third quadrant if (x, y) 
is in the first quadrant or in the fourth quadrant if (x, y) is in the 
second quadrant. It is at an angle of |180° +0\ . 

(c) yj(3x) 2 +(-3y) 2 =[3r[. This point is in the fourth quadrant if (x, y) 
is in the first quadrant or in the third quadrant if ( x , y) is in the 
second quadrant. It is at an angle of |-6 or 360- Q \ . 


Section 3.2 Vector and Scalar Q uantities 
Section 3.3 Some Properties of Vectors 

P3.7 Figure P3.7 suggests a right triangle where, relative to angle 6, its 

adjacent side has length d and its opposite side is equal to width of the 
river, y; thus, 

tan# =—-> y = c/tan# 
a 

y = (100 m)tan(35.0°) = 70.0 m 
The width of the river is |70.0 m| . 


P3.8 


We are given R =A +B. When two vectors are 
added graphically, the second vector is positioned 
with its tail at the tip of the first vector. The resultant 
then runs from the tail of the first vector to the tip of 
the second vector. In this case, vector A will be 
positioned with its tail at the origin and its tip at the 
point (0, 29). The resultant is then drawn, starting at 
the origin (tail of first vector) and going 14 units in 
the negative y direction to the point (0, -14). The 
second vector, B, must then start from the tip of A 
at point (0, 29) and end on the tip of R at point 
(0, -14) as shown in the sketch at the right. From 
this, it is seen that 


( 0 . 0 ) — 

R , , 

"'-( 0 ,- 14 ) 

ANS. FIG.P3.8 


3 is 43 units in the negative y direction] 

















Chapter 3 103 


P3.9 In solving this problem we must contrast 
displacement with distance traveled. We draw a 
diagram of the skater's path in ANS. FIG. P3.9, 
which is the view from a hovering helicopter so 
that we can see the circular path as circular in 
shape. To start with a concrete example, we have 
chosen to draw motion ABC around one half of a 
circle of radius 5 m. 

The displacement, shown as d in the diagram, is the straight-line 
change in position from starting point A to finish C. In the specific case 
we have chosen to draw, it lies along a diameter of the circle. Its 
magnitude is |dj =|-10.0i| =10.0 m. 

The distance skated is greater than the straight-line displacement. The 
distance follows the curved path of the semicircle (ABC). Its length is 

half of the circumference: S =^(2/rr) =5.00/r m =15.7 m. 

A straight line is the shortest distance between two points. For any 
nonzero displacement, less or more than across a semicircle, the 
distance along the path will be greater than the displacement 
magnitude. Therefore: 

The situation can never be true because the distance is 
an arc of a circle between two points, whereas the 
magnitude of the displacement vector is a straight-line 
cord of the circle between the same points. 

P3.10 We find the resultant F x +F 2 graphically by 
placing the tail of F 2 at the head of F, . The 
resultant force vector F x +F 2 is of magnitude 
|9.5 N| and at an angle of 
157° above the x axis | . 



0 1 2 3 N 

ANS. FIG.P3.10 
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P3.ll 


To find these vector expressions 
graphically, we draw each set of 
vectors. Measurements of the 
results are taken using a ruler 
and protractor. (Scale: 1 unit = 
0.5 m) 

(a) A +B = |5.2 m at 60°1 

(b) A - j Mfe.0mat330°| 

(c) B- A. WjkO m at 150° | 

(d) A - 2B = |5.2 m at 300° | 




A NS. FIG. P3.12a 

(b) The diagrams in ANS. FIG. P3.12a represent the graphical 

solutions for the three vector sums: R x =A +B +C, R 2 =B +C +A, 
and R 3 =C +B +A. 

P3.13 The scale drawing for the 

graphical solution should be 
similar to the figure to the 
right. The magnitude and 
direction of the final 
displacement from the 
starting point are obtained 
by measuring d and Q on the 
drawing and applying the scale factor used in making the drawing. 
The results should be |c/=420 ft and 6 =-3°| . 



f - 

el—i—i—i—i- 


(Scale: lunit = 20 ft) 

ANS. FIG. P3.13 
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*P3.14 


ANS. FIG. P3.14 shows the graphical 
addition of the vector from the base camp to 
lake A to the vector connecting lakes A and 
B, with a scale of 1 unit = 20 km. The 
distance from lake B to base camp is then 
the negative of this resultant vector, or 
-R=| 310 km at 57° S of W~|- 



ANS. FIG. P3.14 


Section 3.4 Components of a Vector 
and Unit Vectors 

P3.15 First we should visualize the vector either in our 
mind or with a sketch, as shown in ANS. FIG. 
P3.15. The magnitude of the vector can be found 
by the Pythagorean theorem: 

A x = -25.0 
A y = 40.0 

A =^A 2 X +A; =V(-25.0) 2 +(40.0) 2 
= |47.2 units | 



x 


ANS. FIG.P3.15 


We observe that 


so 




=tan’ 1 (1.60) =58.0° 


The diagram shows that the angle from the +x axis can be found by 
subtracting from 180°: 6 =180°- 58° = |l22°| 

P3.16 We can calculate the components of the vector A using ( A x , A t/ ) = 

(A cos 6, A sin d) if the angle 6 is measured from the +x axis, which is 
true here. For A = 35.0 units and 0 = 325°, 


| A x =28.7units, A y =-20.1 units | 
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P3.17 (a) [Yes' . 

(b) Let v represent the speed of the camper. The northward 

component of its velocity is v cos 8.50°. To avoid crowding the 
minivan we require v cos 8.50° > 28 m/s. 

We can satisfy this requirement simply by taking 
v> (28.0 m/s)/cos8.50° =28.3 m/s. 

P3.18 The person would have to walk 

(3.10 km)sin 25.0° = 1.31 km north] 
and (3.10 km )cos25.0*—12.81 km east 


P3.19 


P3.20 


P3.21 


Do not think of sin 0 = opposite/hypotenuse, but jump right to y = 
R sin 6. The angle does not need to fit inside a triangle. We find the x 
and y components of each vector using x = r cos 6 and y = r sin 6. In 
unit vector notation, R =R X i +R y j. 

(a) x = 12.8 cos 150°, y = 12.8 sin 150°, and |(x,y) =(-ll.li +6.40j) m| 

(b) x = 3.30 cos 60.0°, y = 3.30 sin 60.0°, and |(x,y) =(1.65i +2.86j) cm| 

(c) x = 22.0 cos 215°, y = 22.0 sin 215°, and |(x,y) =(-18.0i-12.6j) in| 

(a) Her net x (east-west) displacement is -3.00 + 0 + 6.00 = +3.00 
blocks, while her net y (north-south) displacement is 0 + 4.00 + 0 = 
+4.00 blocks. The magnitude of the resultant displacement is 

R =V(*net ) 2 +(y ne t ) 2 =V ( 3 - 00 ) 2 +(4-00) 2 =5.00 blocks 

and the angle the resultant makes with the x axis (eastward 
direction) is 

<9 =tan- 1 [ ^ ] =tan _1 (1.33) =53.1°. 

13.00J 

The resultant displacement is then fSJOO blocks at 53.'f° J N of El 

(b) The total distance traveled is 3.00 + 4.00 + 6.00 = fl3.00 blocks . 

Let +x be East and +y be North. We can sum the total x and y 
displacements of the spelunker as 

Yj x= 250 m+(125 m)cos 30° = 358 m 
Xy = 75 m+(125 m)sin 30°-150 m = -12.5 m 
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the total displacement is then 

d=^(lxf +(Zy) 2 =7(358 m) 2 +(-12.5 m) 2 =358 m 
at an angle of 


f|yj=tan- 

f 12.5 m^j 


l 358 mj 


or | d =358 m at 2.00° S of E | 


P3.22 We use the numbers given in Problem 3.11: 

A =3.00 m, 0 A =30.0° 

A x = A cos d A = 3.00 cos 30.0° = 2.60 m, 

A y = Asind A = 3.00 sin30.0° = 1.50 m 
So A =A X i +A y j =(2.60i +1.50j) m 

B =3.00 m, d B =90.0° 

B x =0, B y =3.00 m —» B =3.00j m 
then A +B =(2.60i +1.50 j) +3.00 j = 

P3.23 We can get answers in unit-vector form just by doing calculations with 
each term labeled with an i ora j. There are, in a sense, only two 
vectors to calculate, since parts (c), (d), and (e) just ask about the 
magnitudes and directions of the answers to (a) and (b). Note that 
the whole numbers appearing in the problem statement are assumed 
to have three significant figures. 

We use the property of vector addition that states that the components 
of R =A +B are computed as R x =A X +B X and R y =A y +B y . 


(a) 

(A +b) =<3i - 2 j) +(-! - 4] 

i) = 2i-6j 

(b) 

<- ro 

II 

'S' 

j) = 4l +2j 

(c) 

A +B| =V2 2 +6 2 =[632] 


(d) 

A - B =V4 2 +2 2: ^| 4.47] 



>.60l +4.50j)n 
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P3.24 The east and north components of the displacement from Dallas (D) to 
Chicago (C) are the sums of the east and north components of the 
displacements from Dallas to Atlanta (A) and from Atlanta to Chicago. 
In equation form: 

G^Ceast =^DA east "^AC east 

=(730 mi)cos5.00°-(560 mi)sin21.0° =527 miles 

north = 4)A north "^AC north 

=(730 mi)sin5.00° +(560 mi)cos21.0° =586 miles 
By the Pythagorean theorem, 

d=M Ceas t) 2 north) 2 =788 mi 

Then, d =tan _1 [ ^, x:north | =48.0° 
l 4x: east J 

Thus, Chicago is; 1788 mites at 48:0° northeast ofDallagj. , 

P3.25 We use the unit-vector addition method. It is just as easy to add three 
displacements as to add two. We take the direction east to be along +i. 
The three displacements can be written as: 

dj =(-3.50 m)j 

d 2 =(8.20 m)cos45.0°i +(8.20 m)sin45.0°j 
=(5.80 m)i +(5.80 m)j 
d 3 =(-15.0 m)i 
The resultant is 

R =d +d 2 +d 3 =(-15.0 m +5.80 m)i +(5.80 m-3.50 m)j 
=(-9.20 m)i +(2.30 m)j 
(or 9.20 m west and 2.30 m north). 

The magnitude of the resultant displacement is 

|r| =^R 2 x +R 2 y =^(-9.20 m) 2 +(2.30 m) 2 = |9.48m| 
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P3.26 


P3.27 


The direction of the resultant vector is given by 


0 =tan 1 1 | =tan 1 


2.30 m ^ 


=@663 


(a) See figure to the right. 

(b) C =A +B =2.00i +6.00j +3.00i - 2.00j 

= ^00i +4.00 j | 

D =A - B =2.00i +6.00j - 3.00i +2.00j 
= [—l.OOl +8.00} | 

(c) C =V25.0 +16.0 at tan' 1 = |6.40 at38.7°l 

D =V(-1.00) 2 +(8.00 ) 2 at tan' 1 ) 

D =8.06 at (180°- 82.9°) = |8.06 at 97.2°] 



A NS. FIG. P3.26 


We first tabulate the three strokes of the novice golfer, with the x 
direction corresponding to East and the y direction corresponding to 
North. The sum of the displacement in each of the directions is shown 
as the last row of the table. 


East 

North 

x(m) 

V (m) 

0 

4.00 

1.41 

1.41 

-0.500 

-0.866 

+0.914 

4.55 


The "hole-in-one" single displacement is then 

|R| +|y| 2 =7(0.914 m) 2 +{4.55 m) 2 =4.64 m 

The angle of the displacement with the horizontal is 
' 4.55 m ^ 


^0.914 m ) 


=78.6° 
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The expert golfer would accomplish the hole in one with the 
displacement |4.64 m at 78.6° N of E| . 

P3.28 We take the x axis along the slope downhill. (Students, get used to this 
choice!) The y axis is perpendicular to the slope, at 35.0° to the vertical. 
Then the displacement of the snow makes an angle of 90.0° + 35.0° + 
16.0° = 141° with the x axis. 


P3.29 



A NS. FIG. P3.28 


(a) 


Its component parallel to the surface is 
(1.50 m) cos 141° =-1.17 m, 
or 1.17 m toward the top of the hill. 


(b) 


Its component perpendicular to the surface is 
(1.50 m)sin 141° =0.944 m, or 0.944 m away 
from the snow. 


(a) The single force is obtained by summing the two forces: 

F=F +F 2 

F =120 cos (60.0°)i +120 sin (60.0°)j 

- 80.0 cos (75.0°)i +80.0 sin (75.0 °)j 
F =60.0i +104j — 20.71 +77.3j =(39.31 +181 j) N 


We can also express this force in terms of its magnitude and 
direction: 

|F| =V39.3 2 +181 2 N = |185N| 

0=tan-.(f!)-gZS 


(b) 


A force equal and opposite the resultant force from part (a) is 
required for the total force to equal zero: 

f 3 =f = 


(-39.31-181 j) N 
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P3.30 ANS. FIG. P3.30 is a graphical depiction of the three displacements 
the football undergoes, with A corresponding to the 10.0-yard 
backward run, B corresponding to the 15.0-yard sideways run, and 
C corresponding to the 50.0-yard downfield pass. The resultant 
vector is then 

R = A + B+C =-10.0l -15.0 j +50.0i 
=40.0i-15.0j 

|r| =[(40.0) 2 -K-15.0) 2 ] 172 « |42.7yards | 


A| = 10.0 



|C| = 50.0 


ANS. FIG.P3.30 

P3.31 (a) We add the components of the three vectors: 

D =A +B+C =6i-2j 

|D| =V6 2 +2 2 = |6.32 m at 0 =342°| 

(b) Again, using the components of the three vectors, 

E =-A - B +C =-2i +12 j 

|e| =V2 2 +12 2 = |12.2 m at 0 =99.5°| 

P3.32 We are given A =-8.70i +15.Oj, and B=13.2i -6.60j, and 
A - B +3C =0. Solving for C gives 
3C=B- A =21.91-21.6] 

C =7.30i - 7.20j or C x = |7.30cnt| ; C y = |-7.20 cm| 

P3.33 Hold your fingertip at the center of the front edge of your study desk, 
defined as point O. Move your finger 8 cm to the right, then 12 cm 
vertically up, and then 4 cm horizontally away from you. Its location 
relative to the starting point represents position vector A. Move three- 
fourths of the way straight back toward O. Now your fingertip is at the 
location of B. Now move your finger 50 cm straight through O, 
through your left thigh, and down toward the floor. Its position vector 
now is C. 
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Vectors 


We use unit-vector notation throughout. There is no adding to do here, 
but just multiplication of a vector by two different scalars. 

(a) A = |8.00i +12.oj-4.QQk| 

(b) B =* = |2.00l +3.00j-1.00k| 

(c) C =-3A = |-24.0i-36.0j +12.0k| 

P3.34 We are given B =B X i +B y j +B Z k =4.00i +6.00j +3.00k. The magnitude 
of the vector is therefore 

=V4.00 2 +6.00 2 +3.00 2 = \7M\ 

And the angle of the vector with the three coordinate axes is 

a =cos _1 ] = |59.2°| is the angle with the x axis 

ft =cos' = |39.8°| is the angle with the y axis 

y =cos _1 j = |67.4°| is the angle with the z axis 

P3.35 The component description of A is just restated to constitute the 
answer to part (a): A = -3.00, A y = 2.00. 

(a) A =A x i +A y j = |—3.00? +2.00j] 

(b) |A| =^A 2 x +A 2 y =^(-3.00 f +(2.00 ) 2 = \K6l\ 

6 is in the second quadrant, so 6 =180° +(-33.7°) = |146°| . 

(c) R x =0, R y =-4.00, and R =A +B, thus B =R-A and 

B x = R x -A x = 0 - (-3.00) = 3.00, B y = R y -A= -4.00 - 2.00 = -6.00. 
Therefore, B =13.001 — 6.00j I. 
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P3.36 


P3.37 


P3.38 


We carry out the prescribed mathematical operations using unit 
vectors. 


(a) C=A+B = 

(s.OOl-l.OOj- 3.00k) m 


C =^(5.00 m) 2 +(1.00 m) 2 +(3.00 m) 2 =|5.92m| 

(b) D =2 A - B = 

= (4.00i-11.0j +15.0k)m 



|d| =^(4.00 m) 2 +(11.0 m) 2 +(15.0 m) 2 = |l9.0m| 

(a) Taking components along i and j, we get two equations: 
6.00 a - 8.00 b +26.0 = 0 

and 

-8.00a + 3.00 b + 19.0 = 0 

Substituting a = 1.33b - 4.33 into the second equation, we find 
-8 (1.33d-4.33) +36+19 =0 -> 7.676=53.67 ^6=7.00 


and so a = 1.33(7.00) - 4.33 = 5.00. 

Thus |a =5.00, 6 =7.001 . Therefore, 5.00A +7.00B+C =0. 


(b) 


In order for vectors to be equal, all of their components must be 
equal. A vector equation contains more information than a 
scalar equation, as each component gives us one equation. 


The given diagram shows the vectors individually, 
but not their addition. The second diagram 
represents a map view of the motion of the ball. 
According to the definition of a displacement, we 
ignore any departure from straightness of the actual 
path of the ball. We model each of the three motions 
as straight. The simplified problem is solved by 
straightforward application of the component 
method of vector addition. It works for 
adding two, three, or any number of vectors. 

(a) We find the two components of each of 
the three vectors 


A x =(20.0 units) cos 90° =0 
and A =(20.0 units) sin 90° =20.0 units 



ANS. FIG. P3.38 
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P3.39 


B x =(40.0units) cos 45° =28.3 units 
and B y =(40.0 units) sin 45° =28.3 units 
C x =(30.0 units) cos 315° =21.2 units 
and C y =(30.0 units) sin 315° =-21.2 units 
Now adding, 

R x =A x +B X +C X =(0 +28.3 +21.2) units =49.5 units 


and R y =A y +B y +C y =(20 +28.3-21.2) units =27.1 units 


so R =149.5!+27.1 j I 


(b) 


|R| =V(49.5 ) 2 +(27.l) 2 =\56A\ 


We will use the component method for a precise 
answer. We already know the total displacement, 
so the algebra of solving a vector equation will 
guide us to do a subtraction. 

We have B=R-A: 


y 



=A+B 


A x = 150 cos 120° = -75.0 cm A N S. FI G. P3.39 

A y = 150 sin 120° = 130 cm 
R x = 140 cos 35.0° = 115 cm 
Ry = 140 sin 35.0° = 80.3 cm 
Therefore, 

B =[115 — (—75)1 +[80.3 —130]j =(l90i-49.7j) cm 

|b| =Vl90 2 +49.7 2 = | 196 cm| 

0 =tan^ =|-14.7°| 

l 190 J 1 - 1 
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P3.40 


P3.41 


P3.42 


First, we sum the components of the two vectors for the male: 
d 3mx =d lmx +d 2mx =0 +(100 cm)cos23.0° =92.1 cm 
d 3my =d lmy +d 2my =104 cm +(100 cm)sin23.0° =143.1 cm 

magnitude: d 3m =-y/(92Tcml^Kl43Tcm^ =170.1 cm 
direction: tan -1 (143.1 / 92.l) =57.2° above +X axis (first quadrant) 


followed by the components of the two vectors for the female: 
d 3 fx = d lfx +d 2fx =0 +(86.0 cm)cos28.0° =75.9 cm 
d 3 fy = dify +d 2fy =84.0 cm+(86.0 cm)sin28.0° =124.4 cm 

magnitude: d 3f =y](75 .9 cm) 2 +(124.4 cm) 2 =145.7 cm 
direction: tan -1 (124.4 / 75.9) =58.6° above +X axis (first quadrant) 


(a) 


(b) 


(c) 


E =(17.0 cm) cos (27.0°)i 

+(17.0 cm) sin (27.0°) j 
E =|(15.ll +7.72j) cm| 

F =(17.0 cm) cos (ll7.0°)i 

+(17.0 cm) sin (ll7.0°)j 


F = 


-7.72 i +15.1 j cm 


w< 



ANS. FIG. P3.41 


Note that we did not need to explicitly identify the angle with the 
positive x axis, but by doing so, we don't have to keep track of 
minus signs for the components. 

G = [(-17.0 cm) cos (243.0°)] i + [(-17.0 cm) sin (243.0°)] j 

G = (-7.72? -15.lj) cm 


The position vector from radar station to ship is 

S =(l7.3sinl36°i +17.3cosl36°j) km =(l2.0i-12.4)) km 


From station to plane, the position vector is 

P=(l9.6sinl53°i +19.6cosl53°j +2.20k) km 


or 

P=(8.90i-17.5j +2.20k) km 
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Vectors 


P3.43 


(a) To fly to the ship, the plane must undergo displacement 


D =S-P = 


3.12i +5.02j-2.20k km 


(b) The distance the plane must travel is 

D =|d| =^(3.12 f +{5.02 f +(2.20 f km = |6.31km| 


The hurricane's first displacement is 

(41.0 km/h)(3.00 h) at 60.0° N of W 


and its second displacement is 

(25.0 km/h)(l.50 h) due North 


With i representing east and j representing north, its total 
displacement is: 

[(41.0 km/h)cos60.0°](3.00 h)(—i) 

+[(41.0 km/h)sin60.0°](3.00 h)J 
+(25.0 km/h)(l.50 h)j 
=61.5 km(-i)+144 km j 


with magnitude 7(61.5 km) 2 +(l44 km) 2 = |157 km| . 

P3.44 Note that each shopper must make a choice whether to turn 90° to the 
left or right, each time he or she makes a turn. One set of such choices, 
following the rules in the problem, results in the shopper heading in 
the positive y direction and then again in the positive x direction. 

Find the magnitude of the sum of the displacements: 

d =(8.00 m)i +(3.00 m)j +(4.00 m)i =(12.00 m)i +(3.00 m)j 
magnitude: d =7(12.00 m) 2 +(3.00 m) 2 =12.4 m 
[impossible because 12.4 m is greater than 5.00 m.| 

P3.45 The y coordinate of the airplane is constant and equal to 7.60 x 10 3 m 
whereas the x coordinate is given by x = v t t, where o i is the constant 
speed in the horizontal direction. 

At t = 30.0 s we have x = 8.04 x 10 3 , so = 8 040 m/30 s = 268 m/s. The 
position vector as a function of time is 

P =(268 m/s)f! +(7.60 x 10 3 m)j 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 




Chapter 3 117 


At t =45.0 s, P =[l.21 x 10 4 i +7.60 x 10 3 jj m. The magnitude is 

P =^(l.21 x 10 4 f +(7.60x 10 3 ) 2 m = [t43xlO T m] 
and the direction is 



P3.46 The displacement from the start to the finish is 
161 +12 j - (5i +3J) =(111 +9j) 

The displacement from the starting point to A is f (ill + 9j j meters, 
(a) The position vector of point A is 
5i+3j + f(lli+9j) = 


(b) For/= 0 we have the position vector |(5 +0)i +(3 +0)j meters. | 


(C) 

This is reasonable because it is the location of the starting point, 

5i +3j meters. 


(d) For/= 1 = 100%, we have position vector 
(5 +ll)i +(3 +9)j meters = 16i +12j meters). 


(e) 

This is reasonable because we have completed the trip, and this 
the position vector of the endpoint. 

is 


P3.47 Let the positive x direction be eastward, the positive y direction be 

vertically upward, and the positive z direction be southward. The total 
displacement is then 

d =(4.80f +4.80j) cm +(3.70j-3.70k) cm 
=(4.80! +8.50j-3.70k) cm 

(a) The magnitude is d = A /(4.80) 2 +(8.50) 2 +(-3.70) 2 cm =|l0.4 cm|, 

(b) Its angle with the y axis follows from 

COS ° = lf^' §ivinS ^ =35 ' 5 °l - 


[(5 +11 f )i 4<3 +9 f)j] ml 
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Additional Problems 

P3.48 The Pythagorean theorem and the definition of the tangent will be the 

starting points for our calculation. 

(a) Take the wall as the xy plane so that the coordinates are x = 2.00 m 
and y = 1.00 m; and the fly is located at point P. The distance 
between two points in the xy plane is 

d=^-x,r + (y 2 - yi r 

so here d = ^(2.00 m - 0) 2 +(1.00 m - 0) 2 = |2.24m| 

= 26.6°, so r = 12.24 m, 26.6°] 

P3.49 We note that -i = west and -j = south. The given 
mathematical representation of the trip can be 
written as 6.30 b west + 4.00 b at 40° south of west 
+3.00 b at 50° south of east +5.00 b south. 

(a) The figure on the right shows a map of the 
successive displacements that the bus 
undergoes. 

(b) The total odometer distance is the sum of the magnitudes of the 
four displacements: 

6.30 b + 4.00 b + 3.00 b + 5.00 b = |l8.3b| 

(c) R =(-6.30 - 3.06 +1.93) b i +(-2.57 - 2.30 - 5.00) b j 

=-7.44 bi-9.87 bj 

=-^/(7.44 b) 2 +(9.87 b) 2 at tan -1 ^ j south of west 

=12.4 b at 53.0° south of west 

= | 12.4 b at 233° counterclockwise from east | 

P3.50 To find the new speed and direction of the aircraft, we add the 

vector components of the wind to the vector velocity of the aircraft: 

v=v x i +v y ] =(300 +100cos30.0°)i +(l00sin30.0°)j 

v=(387i+50.0j) mi/h 

|v| = [390~mi/h at 7.37° N of E | 


© 



ANS. FIG. P3.49 


(b) 6 = tan- 1 (^|^tan- 1 ( 1 '° 0m | 

1*1 U.OOmJ 
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P3.51 


*P3.52 


On our version of the diagram we have 
drawn in the resultant from the tail of the 
first arrow to the head of the last arrow. 
The resultant displacement R is equal to 
the sum of the four individual 
displacements, R =d, +d 2 +d 3 +d 4 . We 
translate from the pictorial representation 
to a mathematical representation by 
writing the individual displacements in 
unit-vector notation: 

dj =100i m 



d =-300j m 

d 3 =(-150 cos 30°) i m +(-150 sin30°)j m = —130 i m- 75j m 
d 4 =(-200 cos60°)i m + (200 sin60°)j m = — lOOi m + 173j m 


Summing the components together, we find 

R x =d lx +d lx +d 3x +d 4x =(100 +0 -130 -100) m = -130 m 
R y =d ly +d 2y +d 3y +d iy =(0 - 300 - 75 +173) m = -202 m 


so altogether 


R =d +d 2 +d 3 +d 4 = 


(-130i-202j)m 


Its magnitude is 

)iR| =V(-130) 2 +(-202 f = | 240 m | 


We calculate the angle p =tan 1 



=57.2°. 


The resultant points into the third quadrant instead of the first 
quadrant. The angle counterclockwise from the +x axis is 

d =180 +<p = | 237°| 

The superhero follows a straight-line path at 
30.0° below the horizontal. If his 
displacement is 100 m, then the coordinates 
of the superhero are: 

x =(100 m)cos(-30.0°) = | 86.6 m] 
y =(100 m)sin(-30.0°) =| -50.0 ncT 



A NS. FIG. P3.52 
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P3.53 


(a) 


Take the x axis along the tail section of the snake. The 
displacement from tail to head is 

(240 m)i +[(420-240) m]cos(180°-105°)i 

-(l80 m)sin75°j =287 mi-174 mj 

Its magnitude is -y/(287) 2 +(l74) 2 m =335 m. 

From v = distance ^ me f or eac ] 1 child's run is 


Inge: At 


_distance _335 m(h)(l km)(3600 s) 


(12 km)(l000 m)(l h) 


420 m-s 

Olaf: At =-=126 s 

3.33 m 


Inge wins by 126 -101 =\2 
(b) Olaf must run the race in the same time: 

At 101s l lh Al0 3 mj 1 - 1 


P3.54 The position vector from the ground under the controller of the first 
airplane is 

Fj =(19.2 km)(cos25°)i +(19.2 km)(sin25°)j +(0.8 km)k 
=(l7.4i +8.11 j +0.8k) km 
The second is at 

r 2 =(17.6 km)(cos20°)i +(17.6 km)(sin20°)j +(1.1 km)k 
=(l6.5i +6.02J +l.lk) km 

Now the displacement from the first plane to the second is 
r 2 - r x =(-0.8631 - 2.09j +0.3k) km 
with magnitude 

> /(0-863) 2 +(2.09) 2 +(0.3) 2 km = |2.29 km| 
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P3.55 


P3.56 


(a) The tensions T x and T y act as an equivalent tension T (see ANS. 
FIG. P3.55) which supports the downward weight; thus, the 
combination is equivalent to 0.150 N, upward. We know that T x = 
0.127 N, and the tensions are perpendicular to each other, so their 
combined magnitude is 

T =^T 2 x +Ty =0.150 N -> Ty =(0.150 N) 2 -T x 2 
Ty =(0.150 N) 2 -(0.127 N) 2 T y =0.078 N 


T 



ANS. FIG. P3.55 


(b) From the figure, 6 =tan 1 [T y /T x ) =32.1°. The angle the x axis 
makes with the horizontal axis is 90°- 6 = |57.9°| . 

(c) From the figure, the angle the y axis makes with the horizontal 
axis is 0 = |32.1°| . 

(a) Consider the rectangle in the figure to have height H and width 
W. The vectors A and B are related by A +ab +bc =B, where 

A =(l0.0 m)(cos50.0°)i +(l0.0 m)(sin50.0°)j 
A =(6.42i +7.66j) m 

B=(l2.0 m)(cos30.0°)i +(l2.0 m)(sin30.0°)j 
B=(l0.4i+6.00j) m 
ab =-Hj and be =Wi 
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P3.57 


P3.58 


Therefore, 

B-A =f£+bc 

(3.96i - 1.66j) m =Wi - Hj -» W =3.96 m and H =1.66 m 

[The perimeter measures 2(H +W) =11.24 m.| 

(b) The vector from the origin to the upper-right corner of the 
rectangle (point d) is 

B +Hj =10.4 mi +(6.00 m +1.66 m) j =10.4 mi +7.66 mj 

magnitude: j(l04m ) 2 +(7 66 m) 2 =12.9 m 

direction: tan -1 (7.66/10.4) =36.4° above +Xaxis (first quadrant) 

(a) R x = |2.00| , R y = [L001 , R z = ^00] 


(b) |R| =^R 2 x +R 2 y +R 2 Z =V4.00 +1.00 +9.00 =Vl40 = |3.74| 


(c) 



= |57.7° from +x| 



174.5° from +y| 



= |36.7° from +z| 


Let A represent the distance from island 2 to 
island 3. The displacement is A =A at 159°. 
Represent the displacement from 3 to 1 as 
B =B at 298°. We have 4.76 km at 37° +A +B =0. 
For the x components: 

(4.76 km)cos37°+/\cosl59° 

46cos 298° =0 
3.80 km-0.934A +0.4706 =0 



A NS. FIG. P3.58 


6 =-8.10 km +1.99A 


For the y components: 

(4.76 km)sin37° +A sin 159° +6sin298° =0 
2.86 km +0.358A - 0.8836 =0 
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P3.59 


(a) We solve by eliminating B by substitution: 

2.86 km +0.3584 - 0.883 (-8.10 km +1.994) =0 
2.86 km +0.3584 +7.15 km-1.764 =0 
10.0 km =1.404 

4 = |7.17 km | 

(b) B =-8.10 km +1.99(7.17 km) = |6.15 km] 


Let 6 represent the angle between the 
directions of A and B. Since A and B have 
the same magnitudes. A, B, and R =A +B 
form an isosceles triangle in which the angles 

are 180°- 6, and The magnitude of R 


is then R =24 cos 


This can be seen from 



ANS. FIG. P3.59 


applying the law of cosines to the isosceles triangle and using the fact 
that B =A. 


Again, A, -B, and D =A - B form an isosceles triangle with apex 
angle 6. Applying the law of cosines and the identity 

l-cos0 =2sin 2 ^j 


gives the magnitude of D as D =24sin|^-J 
The problem requires that R = 100D. 

Thus, 24 cos=2004sin^j. This gives 


P3.60 


tan 


=0.010 and |0 = 1.15°| 


Let 0 represent the angle between the directions 
of A and B. Since A and B have the same 
magnitudes. A, B, and R =A +B form an 
isosceles triangle in which the angles are 

180 °-8, and The magnitude of R is then 
R =24 cos(f). This can be seen by applying the 
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P3.61 


law of cosines to the isosceles triangle and using the fact that B = A. 
Again, A, -B, and D =A - B form an isosceles triangle with apex 
angle Q. Applying the law of cosines and the identity 


1-cos# =2sin [—J 

gives the magnitude of D as D =2/4 sin ^ 


The problem requires that R = nD or 


(e ^ 

. (G\ . 


( 2 ; 

=nsm U J §lvmg 

6 =2tan [-] 


The larger R is to be compared to D, the smaller the angle between A 
and B becomes. 

(a) We write B in terms of the sine and cosine of the angle 6, and 
add the two vectors: 

A +B =(-60 cmj) +(80 cm cos#)i +(80 cm sin#)j 
A +B =(80 cm cos#) i +(80 cm sin#-60 cm)j 
Dropping units (cm), the magnitude is 

|A +B| =[(80 cos#) 2 +(80 sin#-60) 2 ] V2 

=[(80 f (cos 2 # +sin 2 0) - 2 (80 )(60 )sin# +(60 f ^ 

| A +B| =[(80) 2 +(60) 2 -2(80)(60)sin#] 1/2 
|A +B| = |[l0,000-(9600)sin#] 1/2 ^m\ 

(b) For # =270°, sin# =-l, and |A +B| = |140 cm| . 

(c) For # =90°, sin# =1, and |A +B| = |20.0 cm| , 


(d) 


They do make sense. The maximum value is attained when A 
and B are in the same direction, and it is 60 cm + 80 cm. The 
minimum value is attained when A and B are in opposite 
directions, and it is 80 cm - 60 cm. 
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P3.62 


P3.63 


P3.64 


We perform the integration: 

Ar=J o a380 s VQt=[ o 0380s (l.2i m/s-9.8Zj m/s 2 )dt 

9 10.380 s 

=1.2t i m/s[' 380S _(9.8j m/s 2 )y| 

=(l.2i m/s)(0.38 s-0)-(9.8J m/s 2 ) ^ 0 ' 38 ^ ~° j 


= 0.456i m-0.708j m 


(a) 

(b) 

(a) 


df _d(4i+3j-2fk] 
dt 


dt 


:-2k = -(2.00 m/s)k 


The position vector at t = 0 is 4i +3j. At t = 1 s, the position is 
4i +3j - 2k, and so on. The object is moving straight downward 

df 



| north 


tree 


line of latitude 

west 

1 

I 

o 

.1 




- 


at 2 m/s, so — represents [its velocity vector 

The very small differences 
between the angles suggests 
we may consider this region of 
Earth to be small enough so 
that we may consider it to be 
flat (a plane); therefore, we 
may consider the lines of 
latitude and longitude to be 
parallel and perpendicular, so 
that we can use them as an xy 
coordinate system. Values of 
latitude, 6, increase as we 
travel north, so differences 

between latitudes can give the y coordinate. Values of longitude, 
0, increase as we travel west, so differences between longitudes 
can give the x coordinate. Therefore, our coordinate system will 
have +y to the north and +x to the west. 

Since we are near the equator, each line of latitude and longitude 
may be considered to form a circle with a radius equal to the 
radius of Earth, R = 6.36 x 10 6 m. Recall the length s of an arc of a 
circle of radius R that subtends an angle (in radians) Ad (or A(j>) is 
given by S =RA6 (or S =RA0). We can use this equation to find 
the components of the displacement from the starting point to the 
tree—these are parallel to the x and y coordinates axes. Therefore, 


A NS. FIG. P3.64 
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we can regard the origin to be the starting point and the 
displacements as the x and y coordinates of the tree. 

The angular difference A(f) for longitude values is (west being 
positive) 

A(j> = [75.64426° - 75.64238°] 

= (0.00188°)(tt rad/180°) 

= 3.28 x 10~ 5 rad 

corresponding to the x coordinate (displacement west) 
x =RA(f) =(6.36xlO 6 m)(3.28xlO -5 rad) =209 m 

The angular difference AO for latitude values is (north being 
positive) 

AO =[0.00162°-(-0.00243°)] 

=(0.00405°)(7r rad/180°) 

=7.07xlO -5 rad 

corresponding to the y coordinate (displacement north) 
y=RA0 =(6.36xlO 6 m)(7.07xHT 5 rad) =450 m 
The distance to the tree is 

d=sjx l +y 2 =7(209 m) 2 +(450 m) 2 = |496m| 

The direction to the tree is 


tan" 1 ^ j =tan“ 1 =65.1° = |65.1°NofW) 


(b) 

Refer to the arguments above. They are justified because the 
distances involved are small relative to the radius of Earth. 

P3.65 (a) From the picture, |r x =di +£j. 



(b) 

R x =V^ +tf 



(c) 

R 2 =R, +ck =ai +ck 

0 



ANS. FIG. P3.65 
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P3.66 Since 


A +B =6.00], 


we have 


<j> = 20 


(A x +B x )\ +(A y +B y )j =0i +6.00j 
giving A x +B X =0 -> A x =-B x . 



ANS. FIG. P3.66 


Because the vectors have the same magnitude and x components of 
equal magnitude but of opposite sign, the vectors are reflections of 
each other in the y axis, as shown in the diagram. Therefore, the two 
vectors have the same y components: 

A y = B y = (l/2)(6.00) = 3.00 

Defining 6 as the angle between either A or B and the y axis, it is seen 
that 


A v B v 3.00 

cos (9 =-£ =-£ =-=0.600 -» 6 =53.1° 

A B 5.00 


The angle between A and B is then |</> =26 =106°| . 


Challenge Problem 



P3.67 (a) 


The displacement to B is 

r B -r A =60.01 +80.0j-30.0i +20.0j =30.0i +100j 
You cover half of this, (l5.0i + 50.0j), to move to 

r 2 =30.0i-20.0 j +15.01 +50.0 j =45.0i +30.oj 
Now the displacement from your current position to C is 
r c - r 2 =-10.of -10.0 j - 45.0i - 30.0 j =-55.0i - 40.0 j 
You cover one-third, moving to 

? 3 =r 2 +Af 23 =45.Oi +30.Oj +^(-55.0i-40.0j) =26.7! +16.7) 
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The displacement from where you are to D is 

r D - r 3 =40.01 - 30.0j - 26.7i - 16.7J =13.31 - 46.7j 
You traverse one-quarter of it, moving to 

r 4 =r 3 +^(r D - r 3 ) =26.7! +16.7] +i(l3.3i -46.7j) 

=30.0i +5.00] 

The displacement from your new location to E is 

r E - ? 4 =-70.01 +60. Oj - 30.01 - 5.00 j =-1001 +55.0j 

of which you cover one-fifth the distance, -20.0 1 +ll.oj, 
moving to 

r 4 +Ar 45 =30.0i +5.00j-20.0i +11.0J =10.01 +16.0J 

The treasure is at |(l0.0 m, 16.0 m)| . 

(b) Following the directions brings you to the average position of the 
trees. The steps we took numerically in part (a) bring you to 



then to 

fa+fj f c -(f A +t B )/2 _ f A +r B +r c 

2 3 3 

then to 

fe+r B +r c ) ] t D -(t A +t B +t c )/3 _ f A +f B +f c +r D 

3 4 4 

and last to 

fa + f B +r C +r D ) | f E ~ [ f A +f B +t C +fp ) / 4 

4 5 

5 

This center of mass of the tree distribution is the same location 
whatever order we take the trees in. 
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lNSWERS to even-numbered problems 


P3.2 (a) 2.31; (b) 1.15 

P3.4 (a) (2.17,1.25) m, (-1.90, 3.29) m; (b) 4.55m 

P3.6 (a) r, 180° - 0; (b) 180° + 0 ; (c) -6 

P3.8 B is 43 units in the negative y direction 
P3.10 9.5 N, 57° above the x axis 

P3.12 (a) See ANS. FIG. P3.12; (b) The sum of a set of vectors is not affected 

by the order in which the vectors are added. 

P3.14 310 km at 57° S of W 

P 3.16 A x = 28.7 units, A y = -20.1 units 

P3.18 1.31 km north and 2.81 km east 

P3.20 (a) 5.00 blocks at 53.1° N of E; (b) 13.00 blocks 

P3.22 (2.60i + 4.50j) m 

P3.24 788 miles at 48.0° northeast of Dallas 

P3.26 (a) See ANS. FIG. P3.24; (b) 5.00i +4.00j,-1.00i +8.00j; (c) 6.40 at 38.7°, 

8.06 at 97.2° 

P3.28 (a) Its component parallel to the surface is (1.50 m) cos 141° = -1.17 m, 

or 1.17 m toward the top of the hill; (b) Its component perpendicular to 
the surface is (1.50 m) sin 141° = 0.944 m, or 0.944 m away from the 
snow. 

P3.30 42.7 yards 

P3.32 C x =7.30 cm; C y =-7.20 cm 

P3.34 59.2° with the x axis, 39.8° with the y axis, 67.4° with the z axis 

P3.36 (a) 5.00l —l.OOj — 3.00k, 5.92 m;(b) (4.00l —ll.Oj +15.0k) m, 19.0) m 

P3.38 (a) 49.5 i +27.lj; (b) 56.4, 28.7° 

P3.40 magnitude: 170.1 cm, direction: 57.2° above +x axis (first quadrant); 

magnitude: 145.7 cm, direction: 58.6° above +x axis (first quadrant) 

P3.42 (a) (3.12f + 5.02j- 2.20 k) km; (b) 6.31 km 

P3.44 Impossible because 12.4 m is greater than 5.00 m 
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P3.46 (a) (5 =11 f)i +(3 +9 f )j meters; (b) (5 + 0)i +(3 + 0)j meters; (c) This 

is reasonable because it is the location of the starting point, 5i +3j 
meters, (d) 16 i +12 j meters; (e) This is reasonable because we have 
completed the trip, and this is the position vector of the endpoint. 

P3.48 2.24 m, 26.6° 

P3.50 390 mi/hat 7.37° Nof E 

P3.52 86.6 m, -50.0 m 

P3.54 2.29 km 

P3.56 (a) The perimeter measures 2 (H + W) = 11.24 m; (b) magnitude: 12.9 m, 

direction: 36.4° above +x axis (first quadrant) 

P3.58 (a) 7.17 km; (b) 6.15 km 

P3.60 0=2tan-^£) 

P3.62 0.4561 m-0.708j m 

P3.64 (a) 496 m, 65.1° N of W; (b) The arguments are justified because the 

distances involved are small relative to the radius of the Earth. 

P3.66 0 =20 =106° 
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Motion in Two Dimensions 


CHAPTER OUTLINE 


4.1 The Position, Velocity, and Acceleration Vectors 

4.2 Two-Dimensional Motion with Constant Acceleration 

4.3 Projectile Motion 

4.4 Analysis Model: Particle in Uniform Circular Motion 

4.5 Tangential and Radial Acceleration 

4.6 Relative Velocity and Relative Acceleration 


* An asterisk indicates an item new to this edition.) 


lNSWERS to objective questions 


0Q4.1 The car's acceleration must have an inward component and a forward 
component: answer (e). Another argument: Draw a final velocity 
vector of two units west. Add to it a vector of one unit south. This 
represents subtracting the initial velocity from the final velocity, on the 
way to finding the acceleration. The direction of the resultant is that of 
vector (e). 

0 Q 4.2 (i) The 45° angle means that at point A the horizontal and vertical 

velocity components are equal. The horizontal velocity component is 
the same at A, B, and C. The vertical velocity component is zero at B 
and negative at C. The assembled answer isa = b = c>d = 0>e. 

(ii) The x component of acceleration is everywhere zero and the y 
component is everywhere -9.80 m/s 2 . Then we have a = c = 0>b = d = e. 

OQ4.3 Because gravity pulls downward, the horizontal and vertical motions 
of a projectile are independent of each other. Both balls have zero 
initial vertical components of velocity, and both have the same vertical 
accelerations, -g; therefore, both balls will have identical vertical 
motions: they will reach the ground at the same time. Answer (b). 

131 
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0Q4.4 

OQ4.5 

OQ4.6 

OQ4.7 

OQ4.8 

OQ4.9 

0 Q 4.10 

0 Q 4.11 
0 Q 4.12 

0 Q 4.13 

0 Q 4.14 


The projectile on the moon is in flight for a time interval six times 
larger, with the same range of vertical speeds and with the same 
constant horizontal speed as on Earth. Then its maximum altitude is 
(d) six times larger. 

The acceleration of a car traveling at constant speed in a circular path 
is directed toward the center of the circle. Answer (d). 

The acceleration of gravity near the surface of the Moon acts the same 
way as on Earth, it is constant and it changes only the vertical 
component of velocity. Answers (b) and (c). 

The projectile on the Moon is in flight for a time interval six times 
larger, with the same range of vertical speeds and with the same 
constant horizontal speed as on Earth. Then its range is (d) six times 
larger. 

Let the positive x direction be that of the girl's motion. The x 
component of the velocity of the ball relative to the ground is (+5 - 12) 
m/s = -7 m/s. The x-velocity of the ball relative to the girl is (-7 - 8) 
m/s = -15 m/s. The relative speed of the ball is +15 m/s, answer (d). 

Both wrench and boat have identical horizontal motions because 
gravity influences the vertical motion of the wrench only. Assuming 
neither air resistance nor the wind influences the horizontal motion of 
the wrench, the wrench will land at the base of the mast. Answer (b). 

While in the air, the baseball is a projectile whose velocity always has a 
constant horizontal component (v x = v xi ) and a vertical component that 
changes at a constant rate (A\/ y / At =a y =-g)- At the highest point on 
the path, the vertical velocity of the ball is momentarily zero. Thus, at 
this point, the resultant velocity of the ball is horizontal and its 
acceleration continues to be directed downward ( a x = 0, a y = -g). The 
only correct choice given for this question is (c). 

The period T = 1nr/v changes by a factor of 4/4 = 1. The answer is (a). 

The centripetal acceleration a = v 2 /r becomes (3vf/(3r) = 3v 2 /r, so it is 
3 times larger. The answer is (b). 

(a) Yes (b) No: The escaping jet exhaust exerts an extra force on the 
plane, (c) No (d) Yes (e) No: The stone is only a few times more dense 
than water, so friction is a significant force on the stone. The answer is 
(a) and (d). 

With radius half as large, speed should be smaller by a factor of l/yfl, 
so that a = v 2 /r can be the same. The answer is (d). 
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CQ4.1 

CQ4.2 

CQ4.3 

CQ4.4 

CQ4.5 

CQ4.6 

CQ4.7 


A parabola results, because the originally forward velocity component 
stays constant and the rocket motor gives the spacecraft constant 
acceleration in a perpendicular direction. These are the same 
conditions for a projectile, for which the velocity is constant in the 
horizontal direction and there is a constant acceleration in the 
perpendicular direction. Therefore, a curve of the same shape is the 
result. 

The skater starts at the center of the eight, goes clockwise around the 
left circle and then counterclockwise around the right circle. 



No, you cannot determine the instantaneous velocity because the 
points could be separated by a finite displacement, but you can 
determine the average velocity. Recall the definition of average 
velocity: 

Ax 

v =— 

avs At 

(a) On a straight and level road that does not curve to left or right. 

(b) Either in a circle or straight ahead on a level road. The acceleration 
magnitude can be constant either with a nonzero or with a zero value. 

(a) Yes, the projectile is in free fall, (b) Its vertical component of 
acceleration is the downward acceleration of gravity, (c) Its horizontal 
component of acceleration is zero. 



(a) No. Its velocity is constant in magnitude and direction, (b) Yes. The 
particle is continuously changing the direction of its velocity vector. 


CQ4.1 

CQ4.2 

CQ4.3 

CQ4.4 

CQ4.5 

CQ4.6 

CQ4.7 
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SOLUTIONS TO END-OF-CHAPTER PROBLEMS 


m 




Section 4.1 The Position, Velocity, and Acceleration Vectors 

P4.1 We must use the method of vector addition and Noah 

the definitions of average velocity and of average 
speed. 

(a) For each segment of the motion we model 

the car as a particle under constant velocity. ttwom m 
Her displacements are 

ANS. FIG. P4.1 

R = (20.0 m/s)(180 s) south 
+(25.0 m/s)(120 s) west 
+(30.0 m/s)(60.0 s) northwest 

Choosing i =eastandj =north, we have 

R =(3.60 km)(-j) +(3.00 km)(-i) +(1.80 km)cos45°(-i) 
+(1.80 km)sin45°(j) 


R =(3.00 +1.27) km(-l) +(1.27-3.60) km(j) 
=(-4.271-2.33j) km 
The answer can also be written as 


R = ^(-4.27 km) 2 + (-2.33 km) 2 = 4.87 km 
J 2.33^1 

at tan - =28.6 

U.27J 

or 14.87 km at 28.6°SofW| 

(b) The total distance or path length traveled is 
(3.60 + 3.00 + 1.80) km = 8.40 km, so 

, f 8.40 km V 1.00 min V 1000 m A - 71 

average speed =[53^J (nSC"J + 33m/s l 


(c) 


Average velocity 


4.87 xlO 3 m 
360s 


113.5 m/s along R~] 


P4.2 The sun projects onto the ground the x component of the hawk's 
velocity: 

(5.00 m/s)cos(-60.0°) = |2.50 m/s] 
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*P4.3 


P4.4 


(a) For the average velocity, we have 

v _[ x(4.00)-x(2.00) U | ( y(4.00)-y(2.00) ^ 
Vavg \ 4.00 s -2.00 s r + { 4.00 s -2.00 s J J 
1 5.00 m- 3.00 ml: ,/ 3.00 m- 1.50 ml: 


(l.OOi +0.750j) m/s 


(b) For the velocity components, we have 
rjy 

v =-^ =a=1.00 m/s 
at 

and v v =% =2ct =(0.250 m/s 2 )t 
at 

Therefore, 

v =v x i +v y j =(1.00 m/s)i +(0.250 m/s 2 )tj 

\v{t =2.00 s) =(1.00 m/s)i +(0.500 m/s)j | 
and the speed is 

|v(t = 2.00 s)| = V ( l -00 m/s) 2 +(0.500 m/s) 2 =| 1.12 m/s | 


(a) From X =-5.00 sin cot, we determine the components of the 
velocity by taking the time derivatives of x and y: 

v x =4 =f (-5-00 sin cot) =-5.00cocoscot 


and 
At t = 0, 


_dy f d\ 
Vy dt { dtj 


(4.00-5.00 cos cot) =0 +5.00« sin cot 


v =(-5.00(ycos0)i +(5.00« sinO )j = |-5.00ft) I m/s| 
(b) Acceleration is the time derivative of the velocity, so 
a x =^ =^[-5.00co coscot) =-t5.00® 2 sin«t 

and a, =^~ =[ 4l(5.00« sin cot) =5.00 co 2 cos cot 
at ydtj 

At t = 0, 


a=(5.00« 2 sin0)i +(5.00(y 2 cos0)j =|5.00cu 2 j m/s 2 1 
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(c) r =xi +yj = (4.00 m)j +(5.00 m)( -sincoti -coscotj) 


(5.00 m)(y[- 


cosfyti +sin(y 




(5.00 m)® 2 ^siruyfi +cos©tj] 


(d) 


the object moves in a circle of radius 5.00 m 
centered at (0,4.00 m) 


(a) The x and y equations combine to give us the expression for r: 


r =18.0fi +(4.00t- 4.90f ) j, where r is in meters 
and t is in seconds. 


(b) We differentiate the expression for r with respect to time: 


v=| =-|[l8.0tt +(4.00t-4.90f 2 )j] 

=4(l8.0t)i +-^(4.00t-4.90t 2 )j 
at at 


v =18.0i +[4.00 - (9.80)t]j, where v is in meters per second 
and t is in seconds. 

(c) We differentiate the expression for v with respect to time: 

a= = 4{l8.oi + [4.00 - (9.80)t] j} 

= 4(l8.0)i + |[4.00-(9.80)t]j 

| a =-9.80j m/s 2 1 

(d) By substitution, 

r(3.00 s) = |(54.0 m)i-(32.1 m)j| 
v(3.00 s) = |(18.0 m/s)i - (25.4 m/s)j] 
a(3.00s) = |(-9.80 m/s 2 ~)j| 
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Section 4.2 Two-Dimensional Motion with Constant 


P4.6 


P4.7 


Acceleration 

We use the vector versions of the kinematic equations for motion in 

two dimensions. We write the initial position, initial velocity, and 

acceleration of the particle in vector form: 

a =3.00 j m/s 2 ; v, =5.00 1 m/s; 1" =0i +oj 

(a) The position of the particle is given by Equation 4.9: 

t f =r i +v,t+|at 2 =(5.00 m/s)fi +|(3.00 m/s 2 )t*j 
= |5.00fi +1.50t 2 j] 
where r is in m and t in s. 

(b) The velocity of the particle is given by Equation 4.8: 

Sr f =v, +a t = | 5-QOl +3.00fjj 
where v is in m/s and t in s. 

(c) To obtain the particle's position at t = 2.00 s, we plug into the 
equation obtained in part (a): 

r f =(5.00 m/s)(2.00 s)i +(l.50 m/s 2 )(2.00 s) 2 j 
=(l0.0i +6.00 j) m 
so x f = |10.0 m| , y f = |6.00 m| 

(d) To obtain the particle's speed at t = 2.00 s, we plug into the 
equation obtained in part (b): 

St f =Sr i +at=(5.00 m/s)i +(3.00 m/s 2 )(2.00 s)j 
=(5.00i +6.00j) m/s 

Vf =^ +\Zyf =7(5.00 m/s) 2 +(6.00 m/s) 2 = |7.81 m/s| 

(a) We differentiate the equation for the vector position of the 
particle with respect to time to obtain its velocity: 

v =^ =[^(3.00i - 6.00 f}) = |—12.0tj m/s| 
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*P4.8 


(b) Differentiating the expression for velocity with respect to time 
gives the particle's acceleration: 

a= f = (l)(- 12 ' 0tj)= E*3 

(c) By substitution, when t = 1.00 s, 

r =(3.00l - 6.00j)m; v =-12.0j m/s 

(a) For the x component of the motion we have x f =x, +v xi t +^ a x f. 

0.01 m =0 +(l.80 x 10 7 m/s)t +|(8 x 10 14 m/s 2 jt 2 
(4xl0 14 m/s 2 )! 2 +(l.80x 10 7 m/s)t-10~ 2 m =0 

t=\ WU -,ni 4 / 2 \ 1 -1-80xio 7 m/s 

i v 2(4xl0 14 m/s 2 ) )\_ 

±V( 1.8xl0 7 m/s) 2 -4(4xl0 14 m/s 2 )(-10- 2 m)j 

_ -1.8xl0 7 ±1.84 xlO 7 m/s 
8xl0 14 m/s 2 


We choose the + sign to represent the physical situation: 


4.39 x10 s m/s 
' 8xl0 14 m/s 2 


=5.49 xlO" 10 


s 


Here 


y, =y, 

=0 +0 (1.6 x 10 15 m/s 2 ) (5.49 x lO -10 s) 2 


=2.41 x 10 -4 m 


(b) 


So, 


t f =(l0.01 +0.241 j) mm I 


v f =v, +a! 


=1.80xl0 7 i m/s 

+(8x10 14 i m/s 2 +1.6xlO 15 j m/s 2 )(5.49xlO' 10 s) 
=(l.80xl0 7 m/s)i +(4.39xlO 5 m/s)i +(8.78x 10 s m/s)j 
=1 (l.84xl0 7 m/s)i +(8.78x 10 s m/s)j I 
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(c) |v f | =^/(l.84xl0 7 m/s) 2 +(8.78 xlO 5 m/s) 2 = | 1.85 xlO 7 m/s | 

(d) 6 =tan _1 f 


1 1.84x10 J 1 - 


Model the fish as a particle under constant acceleration. We use our 
old standard equations for constant-acceleration straight-line motion, 
with x and y subscripts to make them apply to parts of the whole 
motion. At t = 0, 

v, =(4.00i +1.00 j ) m/sand r, =(10.00i-4.00j) m 
At the first "final" point we consider, 20.0 s later, 
v f =(20.0i - 5.00j) m/s 


A^ = 20.0 m/s-4.00 m/s = | 2 | 

W x At 20.0 s 1 --— 1 


A\/ -5.00 m/s -1.00 m/s 711 

a, =—- =-= -0.300 m/s 

' \t- an n c 1 --— 1 


(b) 


0 =tan *f 1 =_20.6° =|339° from +X axis| 

l 0.800 m/s 2 J 1 - 1 


(c) At t = 25.0 s the fish's position is specified by its coordinates and 
the direction of its motion is specified by the direction angle of its 
velocity: 


1 7 

x f =X: +v xi t+-a x t 

f , x, 2 X 

=10.0 m +(4.00 m/s)(25.0 s) +^(0.800 m/s 2 )(25.0 s) 2 
= | 360 m| 


y f =y< +v yi t+-af 

=-4.00 m +(1.00 m/s)(25.0 s) +^(-0.300 m/s 2 )(25.0 s) 2 
= | —72.7 m\ 


Vxf =v xi +a x t =4.00 m/s +(0.800 m/s 2 )(25.0 s) =24 m/s 
Vyf =v yj +a y t =1.00 m/s-(0.300 m/s 2 )(25.0 s) =-6.50 m/s 
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P4.10 The directions of the position, velocity, and acceleration vectors are 

given with respect to the x axis, and we know that the components of a 
vector with magnitude A and direction G are given by A x = A cos 6 and 
A y = A sin#; thus we have 

tj =29.0 cos 95.0° I +29.0 sin 95.0° j =-2.53 I +28.9 j 
v, =4.50 cos 40.0° i +4.50 sin 40.0° j =3.45 i +2.89 j 
a =1.90 cos 200° I +1.90 sin 200° j =-1.79 I +-0.650 j 
where r is in m, v in m/s, a in m/s 2 , and t in s. 

(a) From v f =v, +a t, 

\v f =(3.45-1.79t)i +(2.89 - 0.650fj]j 

where v in m/s and tins. 

(b) The car's position vector is given by 

r f =r +vt +— at 2 

=(-2.53 +3.45t+^-(-1.79)t 2 )! +(28.9 +2.89t+^ (-0.650)^)] 

| r f =(-2.53 +3.45f-0.893t 2 )i +(28.9 +2.89t-0.325t*)j] 
where r is in m and t in s. 


Secti on 4.3 Proj ecti I e M oti on 

P4.ll At the maximum height V y =0, and the time to reach this height is 
found from 


f =v yi +a y t as t = 


_ 0 ~Vyi 

-g 


3 y -g g 

The vertical displacement that has occurred during this time is 

r v* + v.„ 


(Aylax =' / y,avgt = 


_r °+^ Y V A y?L 

{ 2 ){g) 2g 


Thus, if (Ay) =12 ft — ^ m ) =3.66 m, then 
3.281 ft/ 

Vy, =^2g(Ay) max =^2(9.80 m/s 2 )(3.66m) =8.47 m/s 
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P4.13 


P4.14 


and if the angle of projection is 0 =45°, the launch speed is 
_ v yi _ 8.47 m/s _ 


sin# sin45° 


12.0 m/s 


From Equation 4.13 with R = 15.0 m, v t = 3.00 m/s, and # max =45.0°: 


Upland: 


_vfsm26 _vf sin90° _9.00 m 2 /s 2 


15.0 m 


= 0.600 m/s 2 


(a) The mug leaves the counter horizontally with a velocity v xi (say). 
If t is the time at which it hits the ground, then since there is no 
horizontal acceleration, 

x f =v x {-> t =x f /v xj -> t =(1.40 m/v X( ) 


At time t, it has fallen a distance of 1.22 m with a downward 
acceleration of 9.80 m/s 2 . Then 


y f =y i +v yi t+^a y f 
0 =1.22 m-(4.90 m/s 2 )(1.40 m/vj 2 
Thus, 

l( 4.90 m/s 2 )(1.40 m) 2 .-. 

v 'i- - mm 

(b) The vertical velocity component with which it hits the floor is 
Vyf =v yi +a y t -» Vyf =v yi +(-g)(1.40 m/v xi ) 

Vyf =0 +(-9.80 m/s 2 )(1.40 m/2.81 m/s) =-4.89 m/s 


Hence, the angle 6 at which the mug strikes the floor is given by 


6 =tan 1 


=tan 1 


-4.89 m/s ^| 

2.81 m/s J 


=-60.2° 


The mug's velocity is 60.2° below the horizontal when it strikes 
the ground. 

The mug is a projectile from just after leaving the counter until just 
before it reaches the floor. Taking the origin at the point where the 
mug leaves the bar, the coordinates of the mug at any time t are 

x f =X: +v v ,t +-a v t 2 -> x f =0 +i ' x f =v vi t 

f , X, 2 X f X, f X, 
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and 


y, =y, +vjmar^>y, =-o+o =-^gt? 

(a) When the mug reaches the floor, y f =h and x f = d, so 

-h =--gt 2 h =- gt 1 t = [^ 


is the time of impact, and 

x f =v xl t—>d =v xj t -> v xj 


d 

t 



(b) Just before impact, the x component of velocity is still 


while the y component is 
Vvf =v vi +ct = 0 - 


9 t= ~ 9 )l^g = ~^ 


Then the direction of motion just before impact is below the 
horizontal at an angle of 


( \ 


6 =tan 1 — =tan 



•—ifh'-i") 

because the x component of velocity is positive (forward) and the 
y component is negative (downward). 

The direction of the mug's velocity is tan -1 (2 b/ d) below the 
horizontal. 


We ignore the trivial case where the angle of projection equals zero 
degrees. 


h_vf sin 2 6 , R _ vf (sin 20,) 


2 g 


3 h=R 
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3vf sin 2 0: vf (sin 20,) 
so —=— -- 

2 g g 

2 sin 2 0: tan 0. 

or - =- 

3 sin 26 i 2 

thus, 6 , =tan _1 ^j =|53.1°| 

P4.16 The horizontal range of the projectile is found from x =V xj t =v t cos#,t 
Plugging in numbers, 

x = (300 m/s)(cos 55.0°)(42.0 s) 

X f ftf.23 x 10 3 m| 

The vertical position of the projectile is found from 

y=v vi t--gt 2 =v i sm6 i t--gtr 

yi 2 1 '2 

Plugging in numbers, 

y =(300 m/s)(sin 55.0°)(42.0 s)-1(9.80 m/s 2 )(42.0 s) 2 
= |l.68xl0 3 m] 


P4.17 (a) The vertical component of the salmon's velocity as it leaves the 

water is 

V yj =-H/ ( sin# =4(6.26 m/s) sin 45.0° - 44.43 m/s 

When the salmon returns to water level at the end of the leap, the 
vertical component of velocity will be 

Vyf =-v yi « -4.43 m/s 

If the salmon jumps out of the water at t = 0, the time interval 
required for it to return to the water is 

_ =^43m/s-4.43m/s _ g 

ay -9.80 m/s 2 

The horizontal distance traveled during the leap is 
L =V xj At j ={v j cos6)At j 
=(6.26 m/s)cos45.0°(0.903 s) =4.00 m 
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To travel this same distance underwater, at speed v = 3.58 m/s, 
requires a time interval of 



4.00 m 
3.58 m/s 


= 1.12 s 


The average horizontal speed for the full porpoising maneuver is 
then 


2 L 


00-5 o-i-i i a o 1 --— 1 


avg At At,+At 2 0.903 s+1.12 s 
(b) From (a), the total time interval for the porpoising maneuver is 
At =0.903 s+1.12 s =2.02 s 

Without porpoising, the time interval to travel distance 2 L is 


v 3.58 m/s 
The percentage difference is 

Atl ~ Atz x 100% =-9.6% 
At 2 


[Porpoising reduces the time interval by 9.6%. | 

(a) We ignore the trivial case where the angle of projection equals 
zero degrees. Because the projectile motion takes place over level 
ground, we can use Equations 4.12 and 4.13: 

_ , V. 2 sin 20. V: 2 sin 2 0, 

9 2gr 

Expanding, 

2 sin 26i = sin 2 6, 

4 sin 6, cos 6, =sin 2 0, 
tan d, =4 

0i =tan _1 (4) = |76.0°| 

(b) The maximum range is attained for 0 t = 45°: 


D vf sin[2(76.0°)] vf sin[2(45.0°)] _ vf 

n —-and a —-— — 

g g g 
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then 

R _ vf sin [2(76.0'°)] _ R 

max g sin [2(76.0°)] sin [2(76.0°)] 

K max = | 2.13ft | 


(c) 


Since g divides out, the answer is the same on 
every planet. 


Consider the motion from original zero height to maximum height h: 
v 1 yf =v 1 yi +2a y (y f -y i ) gives 0 =\f yi -2g(h-0) 


or v yi =^2gh 

Now consider the motion from the original point to half the maximum 
height: 

v 2 yf =\? yi +2a y [y f -y) gives \f yh =2gh+2[-g)\^h-o] 
so v yh =Jgh 


At maximum height, the speed is v x =^\f x +\f yh =-^\lv 2 x +gh 
Solving, 



Now the projection angle is 

6i =tan _1 — =tan _1 =tan _1 V6 =| 67.8° 

(a) x f = v xi t = (8.00 m/s) cos 20.0° (3.00 s) = |22.6 m| 

(b) Taking y positive downwards, 

Yf = V yt + \g? 

y f = (8.00 m/s)sin20.0°(3.00 s) +^-(9.80 m/s 2 )(3.00 s) 2 
= 52.3:ml 

(c) 10.0 m =(8.00 m/s)(sin20.0°)t +^-(9.80 m/s 2 )! 2 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 




146 Motion in Two Dimensions 


P4.21 


P4.22 


Suppressing units, 

4.90? +2.74t-10.0 =0 

t= -2.74 ± V(2.74F+196 

9.80 - 


The horizontal component of displacement is x f = vj = (v i cos 6 t )t. 
Therefore, the time required to reach the building a distance d away is 
d 

t = -. At this time, the altitude of the water is 

v cos 0, 


y f =v yj t+-a y f -v j sin0, 



Therefore, the water strikes the building at a height h above ground 
level of 


h=y f -- 


dtan 0: - 


g<f 


2V: 2 cos 2 0. 


(a) The time of flight of a water drop is given by 
y f =Vi + V + 


For fj > 0, the root is t, = 



[2(2.35 m) 
9.8 m/s 2 


=0.693 s. 


The horizontal range of a water drop is 

x fl = X: +v yi t+-aj 2 
2 

= 0 +1.70 m/s (0.693 s) +0 =1.18 m 

This is about the width of a town sidewalk, so | there is | space for 
a walkway behind the waterfall. Unless the lip of the channel is 
well designed, water may drip on the visitors. A tall or inattentive 
person may get his or her head wet. 

(b) Now the flight time t 2 is given by 


0 =y 2 +0wherey 2 =^: 


t = PK = I 2 K - 1 x IM= A_ 

2 )] g V 9(12) Vl2 ]j g Vl2 
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From the same equation as in part (a) for horizontal range, 
x 2 = v 2 t 2 , where x 2 = Xj/12: 


*2 

V 2 




Vj _1.70m/s 


tjVl2 Vl2 Vl2 


= | 0.491 m/s] 


The rule that the scale factor for speed is the square root of the 
scale factor for distance is Froude's law, published in 1870. 

(a) From the particle under constant velocity model in the x 
direction, find the time at which the ball arrives at the goal: 


x f =x t +v{—> t = 


36.0 m - 0 
(20 m/s) cos 53.0° 


From the particle under constant acceleration model in the y 
direction, find the height of the ball at this time: 

y f =y, +v yi t+^a y f 


1 

y f = 0 + (20.0 m/s) sin 53.0°(2.99 s) - - (9.80 m/s 2 )(2.99 s) 2 
y f = 3.94 m 

Therefore, the ball clears the crossbar by 
3.94 m-3.05 m = [o789 m| 


(b) Use the particle under constant acceleration model to find the 
time at which the ball is at its highest point in its trajectory: 

V t _ (20-0 m/s)sm53.0°-0 , 

* * g 9.80 m/s 2 


Because this is earlier than the time at which the ball reaches the 
goal, the ball clears the goal on its way down. 

From the instant he leaves the floor until just before he lands, the 
basketball star is a projectile. His vertical velocity and vertical 
displacement are related by the equation = \r yj +2a y [y f - y,). 
Applying this to the upward part of his flight gives 
0 =V l y j +2(-9.80m/s 2 )(1.85-1.02) m. From this, v yi = 4.03 m/s. [Note 
that this is the answer to part (c) of this problem.] 
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For the downward part of the flight, the equation gives 
V 1 ^ =0+2(-9.80m/s 2 )(0.900-1.85) m. Thus, the vertical velocity just 
before he lands is v yf = -4.32 m/s. 

(a) His hang time may then be found from v yf = v yi + a y t: 

-4.32 m/s = 4.03 m/s + (-9.80 m/s 2 )f 
or t = |0.852 s | . 

(b) Looking at the total horizontal displacement during the leap, x = 
v xj t becomes 

2.80 m = v xi (0.852 s) 

which yields \4 '— 13.29 m/sjf. . 

(c) v yi = |4.03 m/s] , See above for proof. 

(d) The takeoff angle is: 6 =tan 1 — =tan~ 1 [ m ^ s | =150.8°I 

v xi ^3.29 m/s ) - 

(e) Similarly for the deer, the upward part of the flight gives 

v^ =vj +2a y [y f -y i ) 

0 =\f yi +2 (-9.80 m/s 2 )(2.50-1.20) m 
so v yi = 5.04 m/s 

For the downward part, v^ =\f yj +2a y (y f - y ( ) yields 

=0 +2 (-9.80m/s 2 )(0.700 - 2.50) m and =-5.94 m/s. 

The hang time is then found as =V yj +a y t: 

-5.94 m/s =5.04 m/s +(-9.80 m/s 2 )t and 
[F=1.12 s | 

(a) For the horizontal motion, we have x f = d = 24 m: 
x f =x. +v xi t+-a x f 

f , x, 2 X 

24 m =0 +Vi (cos53°)(2.2 s) +0 
Vi = |!8.1m/s| 
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(b) As it passes over the wall, the ball is above the street by 

y f =Yi 

y f =0 +(l8.1 m/s)(sin 53°)(2.2 s) 

+^(-9.8 m/s 2 )(2.2 s) 2 =8.13 m 


So it clears the parapet by8.13m-7m = |l,13 m| . 

(c) Note that the highest point of the ball's trajectory is not directly 
above the wall. For the whole flight, we have from the trajectory 
equation: 



or 6 m =(tan53°)x f - 


9.8m/s : 


2(18.1 m/s) cos' 


2 'N 

2 COO 

cos 53/ 


Solving, 

(o.041 2 m 1 )x 2 - 1.33x f +6 m =0 


and, suppressing units, 

_1.33 ±Vl-33 2 - 4(0.041 2)(6) 
Xf 2(0.0412) 


This yields two results: 
x f = 26.8 m or 5.44 m 

The ball passes twice through the level of the roof. 

It hits the roof at distance from the wall 
26.8 m - 24 m = |2.79 m| 

We match the given equations: 

x f =0 +(11.2 m/s)(cos 18.5°)t 

0.360 m =0.840 m+(11.2 m/s)(sin 18.5°)t-|(9.80 m/s 2 )! 2 

to the equations for the coordinates of the final position of a projectile: 

x f =X, +v xj t 

y f = y, +v/-^gtr 
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For the equations to represent the same functions of time, all 
coefficients must agree: x i = 0, y i = 0.840 m, v xi = (11.2 m/s) cos 18.5°, 
v yi = (11.2 m/s) sin 18.5°, and g = 9.80 m/s 2 . 

(a) Then the original position of the athlete's center of mass is the 
point with coordinates (x ; , y,) = |(0, 0.840 m)| . That is, his original 

position has position vector r =0i +0.840j m. 

(b) His original velocity is v, =(11.2 m/s)(cosl8.5°)i + 

(11.2 m/s)(sinl8.5°)j = |ll.2m/sat 18.5°| above the x axis. 

(c) From (4.90 m/s 2 ) t 2 - (3.55 m/s)f - 0.48 m = 0, we find the time of 
flight, which must be positive. Suppressing units, 

t _ -(-3.55) +V(-3.55) 2 - 4(4.9Q)(-048) =Q m g 

’ s 

Then x f = (11.2 m/s) cos 18.5°(0.841 s) =; j&94 m. 

P4.27 Model the rock as a projectile, moving with constant horizontal 
velocity, zero initial vertical velocity, and with constant vertical 
acceleration. Note that the sound waves from the splash travel in a 
straight line to the soccer player's ears. The time of flight of the rock 
follows from 

y f =y, +V+2 a y f2 

-40.0 m =0 +0 +|(-9.80 m/s 2 )? 
t =2.86 s 

The extra time 3.00 s - 2.86 s = 0.140 s is the time required for the 
sound she hears to travel straight back to the player. It covers distance 

(343 m/s) 0.143 s =49.0 m =Jx 2 +(40.0 m) 2 

where x represents the horizontal distance the rock travels. Solving for 
x gives x = 28.3 m. Since the rock moves with constant speed in the x 
direction and travels horizontally during the 2.86 s that it is in flight, 

x =28.3 m =v xi t +01 2 

.-. v xi = 28-3 m =|9.91 m/s| 

* 2.86 s 1 -^ 
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P4.28 


P4.29 


The initial velocity components of the projectile are 
x { = 0 and y i = h 
v xi = v t cos 6 and v yi = v i sin 6 
while the constant acceleration components are 
a x = 0 and a y =~g 
The coordinates of the projectile are 

X f =X ( +V xi t a x f =(V, cos 6)t and 
y f =Y; +v yi t +^ayf =h +{ v t sin 0)t- ^ gt 1 


and the components of velocity are 

Vrf =v xi +a x t = v j cos 9 and 
Vyf = Vyi +a y t = Vi sin 6-gt 


(a) We know that when the projectile reaches its maximum height. 


Vyf =V, sind - gt =0- 


(b) At the maximum height, y = /i max : 


h max =h+(v i sm6)t-^ge 


h max =h+Vi sinO 


VisinO 1 T v^sin^Y 


9 J 


ax =h+- 


(ViSinef 


2 g 


(a) Initial coordinates: X, =0.00 m, y, =0.00 m 


(b) Components of initial velocity: V xj =18.0 m/s, V yj =0 


(c) 

(d) 


Free fall motion, with constant downward acceleration 
g =9.80 m/s 2 . 

[Constant velocity motion in the horizontal direction. | There is no 
horizontal acceleration from gravity. 
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( e ) ^ =W +3 x t =w| 

Vyf=v yi +a y t 

(f) x f =x, +v xl t+^af 
y f =y i +v yi t+^a y f 


=-2^ 


(g) We find the time of impact: 

y f =~\tf 

1 - t-r-„ 


-h=--gtr 


t i~g I' 


2(50.0 m) 


V 9.80 m/s 2 

(h) At impact, = v xi = 18.0 m/s, and the vertical component is 
Vyf=-gt 



=-JlgFi =-^2(9.80 m/s 2 )(50.0 m) =-31.3 m/s 


Thus, 

W = > /'4f 2 +Vyf 2 =V( 18.0 m/s) 2 +(-31.3 m/s) 2 = |36.1m/s| 

and 



which in this case means the velocity points into the fourth 
quadrant because its y component is negative. 

P4.30 (a) When a projectile is launched with speed v i at angle 0 l above the 

horizontal, the initial velocity components are v xi = v t cos 0, and v yi 
= v i sin Neglecting air resistance, the vertical velocity when the 
projectile returns to the level from which it was launched (in this 
case, the ground) will be v y = -v yi . From this information, the total 
time of flight is found from v yf = v yi + a y t to be 

t - V y f ~ V y - ~ v y'~ v y' — 2v yi or t _ 2v i smd i 

tcta! _ g g total g 
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P4.31 


Since the horizontal velocity of a projectile with no air resistance 
is constant, the horizontal distance it will travel in this time (i.e., 
its range) is given by 

R =vj total =(\z,cos0 ) )^ 2 ^^ n0, j =^-(2sin0 ; cos0,) 
_vfsin(20 ( ) 

g 


Thus, if the projectile is to have a range of R = 81.1 m when 
launched at an angle of 0, = 45.0°, the required initial speed is 


Rg 1(81.1 m)(9.80m/s : 




a(90.0°) 


- = |28.2 m/s | 


(b) 


With v i = 28.2 m/s and 0, = 45.0° the total time of flight (as found 
above) will be 


_2v;sin0 ( _2(28.2m/s)sin(45.0°' 
g 9.80 m/s 2 


(c) Note that at 0, = 45.0°, and that sin (20) will decrease as 0 t is 

increased above this optimum launch angle. Thus, if the range is 
to be kept constant while the launch angle is increased above 
45.0°, we see from v { =^Rg/sin(20,) that 
[hie required initial velocity will increase] . 

Observe that for 0 ; < 90°, the function sin0 ( increases as 0,is 
increased. Thus, increasing the launch angle above 45.0° while 
keeping the range constant means that both v { and sin0 ; will 
increase. Considering the expression for f total given above, we see 
that | the total time of flight will increase | . 


We first consider the vertical motion of the stone as it falls toward the 
water. The initial y velocity component of the stone is 

Vyf =V, sin0 =-(4.00 m/s)sin 60.0° =-3.46 m/s 


and its y coordinate is 

y f =y +v yi t+^ayf =h+(v i sm0)t-^gt 1 
y f =2.50 - 3.46t- 4.90J 2 
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where y is in m and t in s. We have taken the water's surface to be at 
y = 0. At the water, 

4.90f 2 + 3.46f - 2.50 = 0 

Solving for the positive root of the equation, we get 

^ _-3.46 +^(3.46) 2 -4(4.90)(-2.50) 

2(4.90) 

-3.46 +7.81 
9.80 
t =0.443 s 

The y component of velocity of the stone when it reaches the water at 
this time t is 

Vyf =v yi +a y t =-3.46- gt =-7.81 m/s 

After the stone enters to water, its speed, and therefore the magnitude 
of each velocity component, is reduced by one-half. Thus, the y 
component of the velocity of the stone in the water is 

v yi =(-7.81 m/s)/2 =-3.91 m/s, 

and this component remains constant until the stone reaches the 
bottom. As the stone moves through the water, its y coordinate is 

y, =y, +v/+^af 

y, =-3.91 1 

The stone reaches the bottom of the pool when y / = -3.00 m: 
y f =-3.91 1 =-3.00 t =0.767s 

The total time interval the stone takes to reach the bottom of the pool is 
At =0.443 s +0.767 s = 1.21 sf 
*P4.32 (a) The time for the ball to reach the fence is 

^ _Ax _ 130 m _159 m 
V xi \/ ( cos 35.0° V t 

At this time, the ball must be Ay =21.0 m-1.00 m =20.0 m above 
its launch position, so 

A y=v yi t+^a y f 
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gives 


20.0 m =[Vj sin35.0° 


159 m V 1(9 80 m/s 2 ) ^ 


(159 m)sin 35.0°-20.0 m : 
from which we obtain 


(4.90 m/s 2 )(l59 m) 2 


(4.90 m/s 2 )(l59 m) 2 


=|41.7m/s| 


V( 159 m)sin 35.0°-20.0 m 
(b) From our equation for the time of flight above. 


t 


159 m 159 m 


41.7 m/s 

(c) When the ball reaches the wall (at t = 3.81 s), 

V x =V ; cos35.0° =(41.7 m/s)cos35.0° = |34.1 m/s] 
v y =\/, sin 35.0 °+a y t 

=(41.7 m/s)sin35.0°-(9.80 m/s 2 )(3.81 s) 


= -13.4 m/s 


and v =. s Jv 1 x +\/ y =-^(34.1 m/s) 2 +(-13.4 m/s) 2 = |36.7 m/s] 


Section 4.4 Analysis Model: Particle in Uniform Circular 
Motion 

P4.33 Model the discus as a particle in uniform circular motion. We evaluate 
its centripetal acceleration from the standard equation proved in the 
text. 

v 1 (20.0 m/s) 2 r——-j] 

c r 1.06 m 1 - 1 

The mass is unnecessary information. 
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P4.34 


*P4.35 


*P4.36 


P4.37 


v 1 

Centripetal acceleration is given by a =—. To find the velocity of a 

point at the equator, we note that this point travels through 2nR E 
(where R } =6.37 x 10 6 m is Earth's radius) in 24.0 hours. Then, 

2 nR^ 27t(6.37x 10 6 m) 

v= - — T-tt -4 =463 m/s 

T (24 h)(3600 s/h) 7 


and, 

_v 2 _ (463 m/s) 2 
R 6.37xl0 6 m 

=| 0.033 7 m/s 2 directed toward the center of Earth | 

V 1 

Centripetal acceleration is given by a c =—. Let/represent the rotation 

rate. Each revolution carries each bit of metal through distance 2 nr, so 
v=2nrf and 


a c =— =4n 2 rf 2 =100 g 

A smaller radius implies smaller acceleration. To meet the criterion for 
each bit of metal we consider the minimum radius: 


f flOOg^ 1 ' 2 100-9.8 m/s 2 V /2 
V 4;r 2 r J [ An 2 (0.021 m) J 

=34.4 - =1 2.06 x10 s rev/min 

s \ 1 min / I-'- 


The radius of the tire is r = 0.500 m. The speed of the stone on its outer 
edge is 


v t 


2.nr _ 2^(0.500 m) 

T (60.0 s/200 rev) 


=|10.5 m/s | 


and its acceleration is 

V 1 (10.5 m/s) 2 | -—- 1 

a= ~R = 0.500 m H 219m / s2 " WMd l 

Centripetal acceleration is a c =— —> v —-Ja/, where a c = 20.0 g, and 
speed v is in meters per second if r is in meters. 
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P4.38 


*P4.39 


We can convert the speed into a rotation rate, in rev/min, by using the 
relations 1 revolution = 2 /ir, and 1 min = 60 s: 


i — I—f 1 rev^ 1 rev faT 

v =4^=4r,[— j=—^ 


1 20.0(9.80 m/s 2 )i 

^ 3.281 ft 

( 60s ^ 

| 29.0 ft 1 

V lm J 

U min ) 


=|45.0 rev/min 


(a) 


(b) 


Using the definition of speed and noting that the ball travels in a 
circular path. 


v 


_d_ 

At 


2kR 

' T 


where R is the radius of the circle and T is the period, that is, the 
time interval required for the ball to go around once. For the 
periods given in the problem, 

8.00 rev/s T = ---=0.125 s 

' 8.00 rev/s 


6.00 rev/s —>7" = 


6.00 rev/s 

Therefore, the speeds in the two cases are: 

, 2^(0.600 m) „ _ . 

8.00 rev/s —> v =-=30.2m/s 

' 0.125 s ' 

6.00 rev/s ^ u = 27r (°- 900 m ) = 33.9 m / s 
' 0.167 s ' 

Therefore, |6.00 rev/s] gives the greater speed of the ball. 
i / 2 _(9.60tt m/s ) 2 _ 


Acceleration =— 

r 0.600 m 


- = 1.52x 10 3 m/s 2 


(c) At 6.00 rev/s, acceleration _ (l0- 8;r m /s) 28xl0 3 m/s 2 |. So 

0.900 m 1 - 1 

8 rev/s gives the higher acceleration. 

The satellite is in free fall. Its acceleration is due to gravity and is by 
effect a centripetal acceleration: a c = g. So 


r 


=9 
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Solving for the velocity, 

v=4rg =^(6,400 +600)(l0 3 m)(8.21 m/s 2 ) 
= | 7.58 xlO 3 m/s | 


and 


v=— 


2k r _27r(7,000xl0 3 m) 


T = 


T =5.80xlO 3 si 


7.58xlO 3 m/s 
l^)=96.: 

60s / 


5.80xlO 3 s 


Section 4.5 Tangential and Radial Acceleration 

P4.40 From the given magnitude and direction of the 
acceleration we can find both the centripetal 
and the tangential components. From the 
centripetal acceleration and radius we can find 
the speed in part (b). r = 2.50 m, a = 15.0 m/s 2 . 

(a) The acceleration has an inward radial 
component: 

a c =acos 30.0° =(l5.0 m/s 2 )(cos 30°) 
=|l3.0 m/s 2 1 



i 2.50 


a = 15.0 m/s 2 

ANS. FIG. P4.40 


(b) The speed at the instant shown can be found by using 



v 2 =ra c =2.50 m(l3.0 m/s) 
=32.5 m 2 /s 2 

v =>/32.5 m/s = |5.70 m/sj 


(c) £ =4 +4 

so % =s]£-4 =yj( 15.0 m/s 2 ) 2 — (l3.0 m/s 2 ) 2 = |7.50 m/s 2 
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P4.41 


P4.42 


Since the train is changing both its speed and 
direction, the acceleration vector will be the 
vector sum of the tangential and radial 
acceleration components. The tangential 
acceleration can be found from the changing 
speed and elapsed time, while the radial 
acceleration can be found from the radius of 
curvature and the train's speed. 

First, let's convert the speed units from km/h 
to m/s: 



A NS. FIG. P4.41 


v, =90.0 km/h =(90.0 km/h)(10 3 m/km)(l h/3600 s) 
=25.0 m/s 

V f =50.0 km/h =(50.0 km/h)(10 3 m/km)(l h/3600 s) 


=13.9 m/s 


The tangential acceleration and radial acceleration are, respectively. 


Av _ 13.9 m/s - 25.0 m/s 


^=A t = 


15.0 s 


=-0.741 m/s 2 


(backward) 


J v 2 (13.9 m/s f „ _ , 

and a, =— = 25 Q m =1-29 m/s (mward) 

so a =^ +4 =J( 1-29 m/s 2 ) 2 +(-0.741 m/s 2 ) 2 =1.48 m/s 2 


at an angle of 



therefore, a= |l.48 m/s 2 inward and 29.9°backward] 


(a) See ANS. FIG. P4.42. 

(b) The components of the 20.2 m/s 2 and the 

22.5 m/s 2 accelerations along the rope together 
constitute the centripetal acceleration: 

a c =(22.5 m/s 2 ) cos (90.0°-36.9°) 

+(20.2 m/s 2 ) cos 36.9° = |29.7 m/s 2 | 



ANS. FIG.P4.42 


(c) a c =— so v =y[af =^29.7 m/s 2 (1.50 m) =6.67 m/s tangent to 
the circle. 
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P4.43 The particle's centripetal acceleration is v 2 /r = (3 m/s) 2 /2 m = 

4.50 m/s 2 . The total acceleration magnitude can be larger than or equal 
to this, but not smaller. 


(a) 

Yes. The particle can be either speeding up or slowing down, 
with a tangential component of acceleration of magnitude 

V6 2 -4.5 2 =3.97 m/s. 




(b) 

No. The magnitude of the acceleration cannot be less than 
v 2 /r =4.5 m/s 2 . 



Section 4.6 Relative Velocity and Relative Acceleration 

*P4.44 The westward speed of the airplane is the horizontal component of its 
velocity vector, and the northward speed of the wind is the vertical 
component of its velocity vector, which has magnitude and direction 
given by 

v=V( 150 km/h) 2 +(30.0 km/h) 2 = [l53 km/h | 


6 =tan 1 


30.0 km/h ^j 
150 km/h J 


= | 11.3° north of west~| 


P4.45 The airplane (AP) travels through the air (W) that can move relative to 
the ground (G). The airplane is to make a displacement of 750 km 
north. Treat north as positive y and west as positive x. 

(a) The wind (W) is blowing at 35.0 km/h, south. The northern 
component of the airplane's velocity relative to the ground is 

=(' / AP,w)y +(Vc)y =630 km/h-35.0 km/h 
=595 km/h 


We can find the time interval the airplane takes to travel 750 km 
north: 


A y=lv, G )/^ 


A t = 


Ay 

( V AP,G 


750 km 
595 km/h 


=1.26 h 
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(b) The wind (W) is blowing at 35.0 km/h, north. The northern 
component of the airplane's velocity relative to the ground is 

(' / AP,c)y =(V,w )y "KVg)/ =630 km/h +35.0 km/h 
=665 km/h 

We can find the time interval the airplane takes to travel 750 km 
north: 



(c) Now, the wind (W) is blowing at 35.0 km/h, east. The airplane 
must travel directly north to reach its destination, so it must head 
somewhat west and north so that the east component of the 
wind's velocity is cancelled by the airplane's west component of 
velocity. If the airplane heads at an angle 9 measured west of 
north, then 

(YaP,g)x = (V,w)x 3 "('Av,g)x 

=(630 km/h)sin# +(-35.0 km/h) =0 
sin# =35.0/630—>0 =3.18° 

The northern component of the airplane's velocity relative to the 
ground is 

(V,c) y =(' / AP / w)y + (' / w,c)y =(630 km/h)cos3.18° +0 
=629 km/h 

We can find the time interval the airplane takes to travel 750 km 
north: 



P4.46 Consider the direction the first beltway (Bl) moves to be the positive 
direction. The first beltway moves relative to the ground (G) with 
velocity v m G = v r 

(a) The woman's velocity relative to the ground is v WG = u WB1 + v m G = 
v 1 + 0 = v v The time interval required for the woman to travel 
distance L relative to the ground is 
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P4.47 


(b) The man's (M) velocity relative to the ground is y MG = v M m + v B1G 
= v 2 + v v The time interval required for the man to travel distance 
L relative to the ground is 



(c) The second beltway (B2) moves in the negative direction; its 
velocity is v B2G = -v v and the child (C) rides on the second 
beltway; his velocity relative to the ground is 

\/ C G = VQB2 +Vg =0- Vl =-^1 


The man's velocity relative to the child is 

^MC — ' / M,B1 "*"^B1,G "*"' / B2,C 

^MC = ' / M,Bl +V B1,G — V B2,G ~ V C,B2 

V MC =v 2 +v l - (-*/,) +0 =\z, +2 v 2 


so, the time interval required for the man to travel distance L 
relative to the child is 


v 1 +2 v 2 


Both police car (P) and motorist (M) move relative to the ground (G). 
Treating west as the positive direction, the components of their 
velocities (in km/h) are: 

v FG =95.0 km/h (west) y pG =80 km/h (west) 

(a) \/ MP = v MG +v GF = v MG - v PG =80.0 km/h - 95.0 km/h =-15.0 

= | 15.0 km/h, east | 

(b) \/ PM =-v MP + 1 15.0 km/h, west | 

(c) Relative to the motorist, the police car approaches at 15.0 km/h: 

d=vAt 


d _ 0.250 km 
v 15.0 km/h 
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P4.49 


P4.50 


We define the following velocity vectors: 

= the velocity of the car relative 
to the Earth 

V wc = the velocity of the water relative 
to the car 

v we = the velocity of the water relative 
to the Earth 



Vvt'f = y C e + y wc 

ANS. FIG. P4.48 


These velocities are related as shown in ANS. FIG. P4.48 


(a) Since V we is vertical, v wc sin 60.0° = v ce = 50.0 km/h or 


v w = | 57.7 km/h at 60.0° west of vertical | 

(b) Since V ffl has zero vertical component, 

v we =1/^ cos 60.0° =(57.7 km/h)cos 60.0° 

= [28.9 km/h downward | 

(a) To an observer at rest in the train car, the bolt accelerates 
downward and toward the rear of the train. 

a=^(2.50 m/s) 2 +(9.80 m/s) 2 = |l0.1 m/s 2 ] 

_ 2.50 m/s 2 - 

tan# =- l — T =0.255 

9.80 m/s 2 

0 = | 14.3° to the south from the vertical] 

To this observer, the bolt moves as if it were in a gravitational 
field of 9.80 m/s 2 down + 2.50 m/s 2 south. 

(b) a =1 9.80 m/s 2 vertically downward I 


(c) 


If it is at rest relative to the ceiling at release, the bolt moves 
on a straight line download and southward at 14.3 degrees 
from the vertical. 


(d) [The bolt moves on a parabola with a vertical axis.] 


The total time interval in the river is the longer time spent swimming 
upstream (against the current) plus the shorter time swimming 
downstream (with the current). For each part, we will use the basic 
equation t = d/v, where v is the speed of the student relative to the 
shore. 
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P4.51 


(a) Total time = time upstream plus time downstream: 
c 1000 m 


up 1.20 m/s-0.500 m/s 
t 1 000 m 


down ^ 20 m / s +0.500 m/s 


=1.43 xlO 3 s 
=588 s 


Therefore, t ., =1.43xlO 3 s +588 s = 2.02xlO 3 s . 


(b) Total time in still water t =— =|l.67 x 10 3 s|. 

v ’ v 1.20 1 - 1 


(c) 


Swimming with the current does not compensate for the 
time lost swimming against the current. 


The student must swim faster than the current to travel upstream, 
(a) The speed of the student relative to shore is u up = c - v while 
swimming upstream (against the current), and u down = c + v wh: 
swimming downstream (with the current). 

Note, The student must swim faster than the current to travel 
upstream. The time interval required to travel distance d 
upstream is then 

_ d _ d 

Atup ~ C-v 

and the time interval required to swim the same distance d 
downstream is 


The time interval for the round trip is therefore 

At = At +At d =#- + 

up down c v c+v (c-v)(c+v) 

2dc 
~d-v 1 


(b) In still water, v = 0, so v up = v dgwn = c; the equation for the time 
interval for the complete trip reduces to 


m3 
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P4.52 


P4.53 


(c) The equation for the time interval for the complete trip can be 
written as 


2dc 


2d 


c 2 — v 2 


1 c 2 


Because the denominator is always smaller than c, [swimming] 
[with and against the current is always longer than in still water]. 

Choose the x axis along the 20-km 
distance. The y components of the 
displacements of the ship and the 
speedboat must agree: 

(26 km/h)tsin(40.0°-15.0°) 

=(50 km/h)tsina 
11.0 km/h^\ 


50 km/h ) 

=12.7° 

The speedboat should head 
15.0° +12.7°,~ t277° E of 

Identify the student as the S' 
observer and the professor as the S 
observer. For the initial motion in 
S', we have 



L,^ 


K 

-f- =tan60.0° 
\4 


=V3 



Let u represent the speed of S' 
relative to S. Then because there is 
no x motion in S, we can write 
v x = v' x + u = 0 so that 
v' x = —u = -10.0 m/s. Hence the ball 
is thrown backwards in S'. Then, 

V y =V y =V3|\/ X | =10.oV3m/s 
Using \f y =2 gh we find 

(l0.0>/3m/s) 2 


r\ 


(b) (c) 

A NS. FIG. P4.53 


’ 2(9.80m/s : 


- = | 15.3 m| 
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P4.54 


The motion of the ball as seen by the student in S' is shown in ANS. 

FIG. P4.53(b). The view of the professor in S is shown in ANS. FIG. 

P4.53(c). 

(a) For the boy to catch the can at the same location on the truck bed, 
he must throw it [straight up, at 0 ° to the vertical| . 

(b) We find the time of flight of the can by considering its horizontal 
motion: 

16.0 m = (9.50 m/s)f + 0 -> t = 1.68 s 
For the free fall of the can, y f =yi +v yj t- ^ a y t 2 : 

0 =0+v yi (l.68 s)-|(9.80 m/s 2 )(l .68 s ) 2 
which gives V yj = |8.25 m/s] . 

(c) The boy sees the can always over his head, traveling in 
[^straight up and down line| . 

(d) The ground observer sees the can move as a projectile traveling in 
[asymmetric parabola opening downward] . 

(e) Its initial velocity is 

9.50 m/s ) 2 +(8.25 m/s ) 2 =\U£ m/s north] 
at an angle of 

tan " 1 1 m/s j = | 4PQ° above the horizontal | 

^9.50 m/s J 1 - 1 


Additional Problems 

*P4.55 After the string breaks the ball is a projectile, and reaches the ground 
at time t: 

Yf =Vyt+\ay? 

-1.20 m =0 +-(-9.80 m/s 2 )! 2 
2 
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*P4.56 


so t = 0.495 s. Its constant horizontal speed is 
x 2.00 m 

v v = -=4.04 m/s 

x t 0.495 s 

so before the string breaks 

vf (4.04 m/s) 2 


0.300 m 


54.4 m/s 2 


The maximum height of the ball is given by Equation 4.12: 

, vf sin 2 6 i 
2g 

Equation 4.13 then gives the horizontal range of the ball: 
vf sin 26; 2 vf sin 6, cos 6, 


If h =—, Equation 4.12 yields 


Substituting equation [1] above into Equation 4.13 gives 

_2(jgR/3)v i cos6 i 


which reduces to 


Vi cos 6i 

(a) From v^ =v yj +a y t, the time to reach the peak of the path 
(where v ^ =o) is found to be 

=VjSm6i/g 

Using equation [1], this gives 



The total time of the ball's flight is then 



[ 1 ] 


[ 2 ] 
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(b) At the path's peak, the ball moves horizontally with speed 
Vpa* =v xi =v j cosd j 
Using equation [2], this becomes 




(c) The initial vertical component of velocity is V yj =V t sin 0,. From 
equation [1], 


-if 


(d) Squaring equations [1] and [2] and adding the results, 
_ gR | 3 gR _13gR 
12 ~ 


1 /f (sin 2 0 i +cos 2 0,) +- 

3 4 


Thus, the initial speed is 


(e) Dividing equation [1] by [2] yields 


tan 0, ■ 


U&/3) 


Therefore, 

6; =tan _1 1 


= 33.7° 


(f) For a given initial speed, the projection angle yielding maximum 
peak height is 0, =90.0°. With the speed found in (d). Equation 
4.12 then yields 




_ (l3gR/12)sin 2 90.0° _ 

2 g 


(g) For a given initial speed, the projection angle yielding maximum 
range is 0, =45.0°. With the speed found in (d). Equation 4.13 
then gives 

_ (l3gR/12)sin90.0° = [ 

g 


R 


Mr 

12 
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P4.57 


P4.58 


We choose positive y to be in the downward direction. The ball when 
released has velocity components v xj = v and v yi = 0 , where v is the 
speed of the man. We can find the length of the time interval the ball 
takes to fall the distance h using 

Ay =| a y (At ) 2 g{ At ) 2 ->At = 



The horizontal displacement of the ball during this time interval is 


Ax=V xi A t=v — =7.00/1 

V 0 


Solve for the speed: 

y= jg|g = j 49.0(9.80 m /s^ =i55 ^ 


where h is in m and v in m/s. 

If we express the height as a function of speed, we have 
h=( 4.16 xHT 2 )!/ 2 


where h is in m and v is in m/s. 


For a normally proportioned adult, h is about 0.50 m, which would 
mean that v =15.5 V0.50 =11 m/s, which is about 39 km/h; no 
normal adult could walk "briskly" at that speed. If the speed were a 
realistic typical speed of 4 km/h, from our equation for h, we find 
that the height would be about 4 cm, much too low for a normal adult. 

(a) From a =dv/ dt, we have 


j/c/v=J. f aot=Av 

Then 


, f 3 / 2 \ 

v- 5 i m/s =J 0 6 t l/ 2 dt j =6— j =4 t? n j m/s 


[5 i +4t 3/2 j) m/s 


(b) From v =dr/ dt, we have 


j/dr =j/vot =Ar 
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P4.59 


P4.60 


Then 

f-0=[ 0 t (5i+4t 3/2 j)dt = 

= (5ti+1.6t 5/2 j) m 

(a) The speed at the top is 

v x =v j cos6 j =(143 m/s)cos45° = | 101 m/sj 

(b) In free fall the plane reaches altitude given by 

\fyr =v li + 2a y [y f -y i ) 

0 =(l43 m/s sin45 °) 2 +2(-9.80 m/s 2 )(y f -31 000 ft) 
y f =31 000 ft +522 = |3.27 x 10 4 ft] 

(c) For the whole free-fall motion v yf = v yi + a y t: 

-101 m/s =+101 m/s - (9.80 m/s 2 )t 
t= | 20.6 s | 

(a) The acceleration is that of gravity: |9.80 m/s 2 , downward.) 

(b) The horizontal component of the initial velocity is v xi = v t cos 40.0° 
= 0.766v t , and the time required for the ball to move 10.0 m 
horizontally is 

_ AX _ 10.0 m _ 13.1m 
V xi 0.766 Vj V t 

At this time, the vertical displacement of the ball must be 
Ay =y f - y, =3.05 m - 2.00 m =1.05 m 



Thus, Ay = v yi t +— a y f becomes 


1.05 m =(\ sin40.0°) 13 ^ m +^(-9.80 m/s 2 )fi^- r 
835 m 3 /s 2 


or 1.05 m =8.39 m-- 
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P4.61 


which yields 




835 m 3 /s 2 


: | 10.7 m/s| 


V 8.39 m-1.05 m 
Both Lisa and Jill start from rest. Their accelerations are 
\ =(3.00 I-2.00 j) m/s 2 


^ =(1.00 i +3.00 j) m/s 2 

Integrating these, and knowing that they start from rest, we find their 
velocities: 


v L =(3.00ti-2.00tj) m/s 
Vj =(1.00t I +3.00t j) m/s 

Integrating again, and knowing that they start from the origin, we find 
their positions: 

r L =(1.50^1-1.00 f j) m 

tj =(0.501 2 ! +1.50 f j)m 


All of the above are with respect to the ground (G). 

(a) In general, Lisa's velocity with respect to Jill is 

^LJ = Wg +VQ = ^LG - ^JG 

v LJ =v L — Vj =(3.00t 1 - 2.00t j) - (l.OOt I +3.00tj) 
v LJ =(2.00ti-5.00t j) 

When t =5.00 s, v LJ =(10.0 i - 25.0 j) m/s, so the speed 
(magnitude) is 

v=yl[ 10.0) 2 +(25.0 f =26.9 m/s 

(b) In general, Lisa's position with respect to Jill is 

r LJ =r L - fj =(1.50 f 1-1.00 f })-(0.50f i +1.50 f j) 
r LJ ^l.OOt 2 i-2.501 2 j) 

When t =5.00 s, r LJ =(25.0 i - 62.5 j) m, and their distance apart is 
|d =^(25.0 m) 2 +(62.5 m) 2 =67.3 m| 
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P4.62 


(c) In general, Lisa's acceleration with respect to Jill is 
% =8 l - ^ =(3.00 i - 2.00 j) - (1.00 i +3.00 j) 

% = |(2.001-5.00j) m/s 2 1 

(a) The stone's initial velocity components (at t = 0) are v xi and v yi = 0, 
and the stone falls through a vertical displacement Ay = -h. We 
find the time t when the stone strikes the ground using 

Ay =v yi t +| a y f -»-h =0 -| gt 2 


(b) To find the stone's initial horizontal component of velocity, we 
know at the above time f, the stone's horizontal displacement is 
Ax = d: 



Ax=vj +- a x f^d =vjt -> v m 

x, 2 X 


d 

■■—> 
t 



(c) The vertical component of velocity at time t is 

[2/7 

Vyf =v yi +a y t =0- gt -> \v =-SfJ— 

and the horizontal component does not change; therefore, the 
speed of the stone as it reaches the ocean is 


W =V^ 2 +V= +(2flfi) 


(d) From above. 

( \ 

d f =tan _1 — =tan _1 



dli 


\2 h J 


„ / 2h 

6 f =-tan- — 


which means the velocity points below the horizontal by angle 
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We use a fixed coordinate system that, viewed from above, has its 
positive x axis passing through point A when the flea jumps, and its 
positive y axis 90° counterclockwise from its x axis. Its positive z axis is 
upward. The turntable rotates clockwise. At t = 0, the flea jumps 
straight up relative to the turntable, but the turntable is spinning, so 
the flea has both horizontal and vertical components of velocity 
relative to the fixed coordinate axes. Because the turntable is spinning 
clockwise, the horizontal velocity of the flea is in the negative y 
directon: 


, =(-33.3—/ 2 * (la ° Cm) Y—1 =-34.9 cm/s 


min yY 1 rev 


The vertical motion of the flea is independent of its horizontal motion. 
The time interval the flea takes to rise to a height h of 5.00 cm is the 
same time interval the flea takes to drop back to the turntable. We find 
the interval to drop using 

z f =z, +v,t +| af -> 0 =h -1 ge -> t 


where h is in m and t in s. Substituting, we find 


-1 


2(0.050 0 m) 
9.80 m/s 2 


=0.101 s 


The total time interval for the flea to leave the surface of the turntable 
and return is twice this: At = 0.202 s. 

(a) Find the clockwise angle the turntable rotates through in the time 
interval At: 



=40.4° 

Point A lies 10.0 cm from the origin. When the flea jumps, the line 
passing from the origin to point A coincides with the positive x 
axis, but when the flea lands, the line makes an angle of -40.4° 
with the positive x axis: 

r A =[10.0cos(-40.4°)]i +[10.0sin(-40.4°)]j 

r A = |(7.6lf - 6.48j)cm| 
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(b) During this time interval, the flea goes through a horizontal y 
displacement 

Ay =v y At =(-34.9 cm/s)(0.202 s) =-7.05 cm. 

The flea has no motion parallel to the x axis; therefore, the 
position of point B where the flea lands is 

r B = |(10.0i-7.05j) cm | 


*P4.64 


ANS. FIG. P4.64 shows the triangles ALB and ALD. 
To find the length AL, we write 

M =v 1 t=(90.0 km/h)(2.50 h) =225 km 

To find the distance travelled by the second couple, 
we need to determine the length BD: 

BD =ADAB 


L 



A 80.0km B D 

ANS. FIG. P4.64 


=ALcos40.0°-80.0 km =92.4 km 


Then, from the triangle BLD in ANS. FIG. P4.64, 

BL =^jWf +(dT) 2 

=yj{92A km) 2 +(ALsin 40.0°) =172 km 


Note that the law of cosines can also be used for the triangle ABL to 
solve for the length BD. Since Car 2 travels this distance in 2.50 h, its 
constant speed is 


^2 


172 km 
' 2.5 h 


168.8 km/h | 


*P4.65 Consider the rocket's trajectory in 3 
parts as shown in the diagram on the 
right. Our initial conditions give: 

a y =(30.0 m/s 2 )sin53.0° =24.0 m/s 2 
a x =(30.0 m/s 2 )cos53.0° =18.1 m/s 2 
V yj =(100 m/s)sin53.0° =79.9 m/s 
v xj =(100 m/s)cos53.0° =60.2 m/s 





ANS. FIG.P4.65 


The distances traveled during each phase of the motion are given in 
Table P4.65 below. 
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Path Part #1: 

Vyr =v yi +a y t 

=79.9 m/s +(24.0 m/s 2 )(3.00 s) 

=152 m/s 

V* =V xi +3 x t 

=60.2 m/s +(l8.1 m/s 2 )(3.00 s) 

=114 m/s 

Ay^t+^t 2 

=(79.9 m/s)(3.00 s)+|(24.0 m/s 2 )(3.00 s) 2 

=347 m 

Ax= v yi t+ — ajr 
2 

= (60.2 m/s)(3.00 s) + |(l8.1 m/s 2 )(3.00 s) 2 
= 262 m 
Path Part #2 : 

Now a x = 0, fly = -9.80 m/s 2 , v X f = v x > = 114 m/s, v y i = 152 m/s, and 

Vyf = 0, SO 

V =v yi +a y t 

0=152 m/s-(9.80 m/s 2 )t 
which gives t = 15.5 s 
Ax = V xf t =(114 m/s)(l5.5 s) =1.77 x 10 3 m 

Ay =(152 m/s)(l5.5 s)-|(9.80 m/s 2 )(l5.5 s) 2 =1.17 xlO 3 m 
Path Path #3 : 

With Vyi = 0, a x = 0, a y = -9.80 m/s 2 , and z?*/ = v X i =114 m/s, then 

M 2 -M 2 = 2 &y 

(v^f- 0=2(-9.80 m/s 2 )(-1.52xl0 3 m) 
which gives =-173 m/s 
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We find the time from =V yj - gt, which gives 
-173 m/s - 0 =-(9.80 m/s 2 )t, or t = 17.6 s 
Ax =v xf t =114(17.6) =2.02 x 10 3 m 

(a) Ay (max) = | 1,52 xlO 3 m | 

(b) t(net) =3.00 s +15.5 s +17.6 s = | 36.1 s | 

(c) Ax(net) =262 m +1.77 x 10 3 m +2.02 x 10 3 m 


Ax(net) = 

4.05 x 10 3 m 

Path Part 



#1 

#2 

#3 

a y 

24.0 

-9.80 

-9.80 

Ux 

18.1 

0.0 

0.0 

Vyf 

152 

0.0 

-173 

V xf 

114 

114 

114 

Vyi 

79.9 

152 

0.0 

Vxi 

60.2 

114 

114 

Ay 

347 

1.17xl0 3 

-1.52xl0 3 

Ax 

262 

1.77xl0 3 

2.02xl0 3 

t 

3.00 

15.5 

17.6 


Table P4.65 

*P4.66 Take the origin at the mouth of the cannon. We have X f =V xi t, which 
gives 

2 000 m =(l 000 m/s)cos0,t 
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Therefore, 

f _ 2.00 s 
cos 0, 

From y f = V yi t+^Syf: 

800 m =(1000 m/s)sin0,.t+|(-9.8O m/s 2 )! 2 

800 m =(1000 m/s)sin0,|^^j-^-(9.8O m / s2 )(^^yj 
800 m(cos 2 0,) =2 000 m(sin0,cos0,)-19.6 m 


P4.67 


19.6 m +800 m(cos 2 0,) =2 000 m^/l-cos 2 0, (cos0,) 
384 +{31 360)cos 2 0, +(640 OOO)cos 4 0,. 

=(4 000 000) cos 2 0, - (4 000 000) cos 4 0,- 
4 640 000 cos 4 0, -3 968 640 cos 2 0,- +384 =0 
cos 2 0 ^ -4(4 840"POO)(384) 

C ° S ' ^ 

cos 0, =0.925 or cos 0, =0.009 84 


0 r = | 22.4° or 89.4°~) (Both solutions are valid.) 

Given the initial velocity, we can calculate the height change of the ball 
as it moves 130 m horizontally. So this is what we do, expecting the 
answer to be inconsistent with grazing the top of the bleachers. We 
assume the ball field is horizontal. We think of the ball as a particle in 
free fall (moving with constant acceleration) between the point just 
after it leaves the bat until it crosses above the cheap seats. 

The initial components of velocity are 

v xi =Vi cos 0 =41.7 cos 35.0° =34.2 m/s 
v yj =V; sin0 =41.7 sin 35.0° =23.9 m/s 

We find the time when the ball has traveled through a horizontal 
displacement of 130 m: 

x f =x, +v xi t +^a x t 2 -> x f =x, +v xi t^> t =(x f - x ; )/\/ x/ 


t _ 130m-0 
34.2 m/s 


=3.80 s 
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Now we find the vertical position of the ball at this time: 

y f =y, +v + | af2 =° +v ^~\ e 

y f =(23.9 m/s)(3.80 s)-(4.90 m/s 2 )(3.80 s) 2 =20.1 m 


P4.68 


P4.69 


P4.70 


The ball would not be high enough to have cleared the 
24.0-m-high bleachers. 

At any time t, the two drops have identical y coordinates. The distance 
between the two drops is then just twice the magnitude of the 
horizontal displacement either drop has undergone. Therefore, 

d=2\x[t)\ =2 ( v xi t) =2( V, cos6;)t = \2Vjt cos6,| 


(a) 


The Moon's gravitational acceleration is the probe's centripetal 
acceleration: (For the Moon's radius, see end papers of text.) 

v 2 

a=— 


r 


1 

6 

v 


(9.80 m/s 2 ) = 
=^2.84 xlO 6 


w 

1.74 x 10 6 m 
m 2 /s 2 = |l.69 km/s| 


(b) The time interval can be found from 

2nr 


2 nr 2tt(i.74x 10 6 m) 
v 1.69 xlO 3 m/s 


=6.47xlO 3 s= |1.80h| 


(a) The length of the cord is given as r = 1.00 m. At the positions with 
0 =90.0° and 270°, 


y = (5.00m/sf ijgCT 
c r 1.00 m 1 - 

(b) The tangential acceleration is only the 
acceleration due to gravity, 

3 . =g= |9.80 m/s 2 1 

(c) See ANS. FIG. P4.70. 




ANS. FIG. P4.70 
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(d) 


The magnitude and direction of the total acceleration at these 
positions is given by 


a =V?+? =^(25.0 m/s 2 ) 2 +(9.80 m/s 2 ) 2 = |26.8 m/s 2 | 


(j) =tan 


=tan 1 


9.80 m/s 2 ^| 
25.0 m/s 2 J 


= 121.41 


We know the distance that the 
mouse and hawk move down, 
but to find the diving speed of 
the hawk, we must know the 
time interval of descent, so we 
will solve part (c) first. If the 
hawk and mouse both 
maintain their original 
horizontal velocity of 10 m/s 
(as the mouse should without 
air resistance), then the hawk 
only needs to think about 
diving straight down, but to a 

ground-based observer, the path will appear to be a straight line 
angled less than 90° below horizontal. 



We begin with the simple calculation of the free-fall time interval for 
the mouse. 


(c) The mouse falls a total vertical distance y = 200 m - 3.00 m = 
197 m. The time interval of fall is found from (with v y i = 0) 


y=v^t-±ge 




2(197 m) 
9.80 m/s 2 


= | 6.34 s | 


(a) To find the diving speed of the hawk, we must first calculate the 
total distance covered from the vertical and horizontal 
components. We already know the vertical distance y; we just 
need the horizontal distance during the same time interval (minus 
the 2.00-s late start). 


x=v a {t- 2.00 s) =(10.0 m/s)(6.34 s - 2.00 s) =43.4 m 
The total distance is 


d=y]x 2 +y 2 =7(43.4 m) 2 +(197 m) 2 =202 m 


So the hawk's diving speed is 


AQf_V(l97m) 2 +(43.4m) 2 
At 4.34 s 


=|46.5 mTsj 
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(b) at an angle below the horizontal of 

P4.72 (a) We find the x coordinate from x = lit. We find the y coordinate 


from 49 1 - 4.9 1 2 . Then we find the projectile's distance from the 


origin as (x 2 

+ y 2 ) % , with these results: 


t( s) 0 1 

2 3 4 5 6 7 

8 9 10 

r (m) 0 45.7 

82.0 109 127 136 138 133 

124 117 120 

(b) From the table, it looks like the magnitude of r is 

; largest at a bit 


less than 6 s. 

The vector v tells how r is changing. If v at a particular point 
has a component along r, then r will be increasing in magnitude 
(if v is at an angle less than 90° from r ) or decreasing (if the 
angle between v and r is more than 90°). To be at a maximum, 
the distance from the origin must be momentarily staying 
constant, and the only way this can happen is for the angle 
between velocity and displacement to be a right angle. Then r 
will be changing in direction at that point, but not in magnitude. 

(c) When t = 5.70 s, r = |138 m.| 

(d) I We can require dr/dt =0 =(d/<±)[(12t) 2 +(49 1- 4.91 2 ) 2 ], which 
results in the solution. 

P4.73 (a) The time of flight must be positive. It is determined by 

y f =y, +v yj t +(l/2)a/ -> 0 =1.20 +v ; sin35.0°t- 4.90 f 

From the quadratic formula, and suppressing units, we find 



9.80 


Then the range follows from x = v xi t + 0 = v 0 t as 



where x is in meters and v i is in meters per second. 

(b) Substituting v, =0.100 gives x(v ( =0.100) = | 0.041 0 in 

(c) Substituting v t =100 gives x( =100) = | 961 m| 
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(d) When v t is small, vf becomes negligible. The expression x(vf) 
simplifies to \/ ( V0.164 3 +0 +0 = |0.405 U,| . Note that this gives 
nearly the answer to part (b). 

(e) When v i is large, v t is negligible in comparison to vf. Then x(vf) 
simplifies to 

x(v-, ) = v^O +0.002 299 vf +0.047 94 vf = |p.0959 vf | 


(f) 


This nearly gives the answer to part (c). 

The graph of X versus v j starts from the origin as a straight 
line with slope 0.405 s. Then it curves upward above this 
tangent line, getting closer and closer to the parabola 
x =(0.095 9 s 2 /m) vf. 


The special conditions allowing use of the horizontal range equation 
applies. For the ball thrown at 45°, 

_ _ vf sin 90° 

D =K 45 =^—- 


^^45°- 



ANS. FIG. P4.74 

For the bouncing ball, 

D =fi, +R 2 + (Kftf^n2e 

g g 


where 0 is the angle it makes with the ground when thrown and when 
bouncing. 

(a) We require: 

vf _vf sin20 + vf sin20 

g~ g 4 g 

4 

sin 20 = 

5 

\p =26.6°| 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 




















182 


Motion in Two Dimensions 


P4.75 


(b) The time for any symmetric parabolic flight is given by 

y f =v yi t-^ge 

0=v,sin d i t--gt 2 

' ' 2 y 

If t = 0 is the time the ball is thrown, then t = ^ V ' s ^ n ^ 1 i s the time 

9 

at landing. So for the ball thrown at 45.0°: 

2Vj sin 45.0° 


For the bouncing ball, 

2\/sin 26.6° 


t=t 1+ t 2 = 


2(\/ / /2)sin26.6 0 


_ 3 V t sin 26.6° 
9 


The ratio of this time to that for no bounce is 
3^sin26.67g _1.34 
2Vi sin 45.079 1.41 - 

We model the bomb as a particle with 
constant acceleration, equal to the 
downward free-fall acceleration, from 
the moment after release until the 
moment before impact. After we find 
its range it will be a right-triangle 
problem to find the bombsight angle. 

(a) We take the origin at the point 
under the plane at bomb release. 

In its horizontal flight, the bomb has 
v yi = 0 and v xi = 275 m/s. We represent the height of the plane as y. 

Then, Ay =- ^ gt 2 ; Ax = v ; t 

Combining the equations to eliminate t gives: 
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P4.76 


From this, (Ax) 2 =( vf . Thus 


3 ) 

AX=y ,B^ =(275m / s )J- 2 (- 30ro ”) 

']l g V 1 9.80 m/s 2 

=6.80x 10 3 m = |6.80km| 

(b) The plane has the same velocity as the bomb in the x direction. 
Therefore, the plane will be |3 000 m directly above the bomb| 
when it hits the ground. 

Ax 

(c) When </> is measured from the vertical, tanp =—; 


therefore, p =tan 

- =f AX l=tan- 1 f 680 ° m l=[6&rl. 

^ AyJ y 3 000 m J. 1 


Equation of bank: 

y 2 = 16x 

[i] 

Equations of motion: 

X = Vjt 

[2] 


y=-\g? 

[3] 


1 (x 2 


Substitute for t from [2] into [3]: y =- —— j. Equate y from the bank 
equation to y from the equations of motion: 




gV 

S 4 vf " 




From this, X =0 or X 3 


1 fx 2 


and x =4 


_ 64vf 

g 2 

1 (9.80 m/s 2 )(l8.8 m) 2 
(10.0 m/s) 2 


r 3 

- m =^8T 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 



184 Motion in Two Dimensions 


P4.77 The car has one acceleration while it is on 



the slope and a different acceleration 
when it is falling, so we must take the 
motion apart into two different sections. 
Our standard equations only describe a 
chunk of motion during which 
acceleration stays constant. We imagine 
the acceleration to change 
instantaneously at the brink of the cliff, 
but the velocity and the position must be 
the same just before point B and just after 
point B. 


A NS. FIG. P4.77 


(a) From point A to point B (along the incline), the car can be 
modeled as a particle under constant acceleration in one 
dimension, starting from rest (v j = 0). Therefore, taking Ax to be 
the position along the incline, 

V}-vf =2 aAx 

\f f - 0=2(4.00 m/s 2 )(50.0 m) 

v f = 20.0 m/s~ 

(b) We can find the elapsed time interval from 

v f =v t +at 

20.0 m/s =0 +(4.00 m/s 2 )t 

t= |5.00s| 

(c) Initial free-fall conditions give us v X i = 20.0 cos 37.0° = 16.0 m/s 
and Vyi = -20.0 sin 37.0° = -12.0 m/s. Since a x = 0, v xf = v xi and 

Vyf =-pa y Ay+\f yi 

= --\jl (-9.80 m/s 2 )(-30.0 m) +(-12.0 m/s) 2 
=-27.1 m/s 

v f =^xf +' / yf =>/( 16 -° m / s ) 2 +(-27.1 m/s) 2 
= [31.5 m/s at 59.4° below the horizontal] 

(d) From point B to C, the time is 



-27.1 m/s +12.0 m/s 
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P4.78 


P4.79 


The total elapsed time interval is 
t=t,+t 2 = |6.53 s | 

(e) The horizontal distance covered is 

Ax =vj 2 =(l6.0 m/s)(1.53 s) ig §4.5 mj , 

(a) Coyote: Ax =^ at 2 ^ 70.0 m =^ (15.0 m/s 2 ) t 2 

Roadrunner: Ax =V xj t—> 70.0 m = V xj t 
Solving the above, we get 

v xj = |22.9 m/s] and t = |3.06 s| 

(b) At the edge of the cliff, v xi = at = (15.0 m/s 2 )(3.06 s) = 45.8 m/s 
Substituting Ay =-100 m into Ay =^a y f, we find 

-100 m=i(-9.80 m/s 2 )! 2 
t =4.52 s 
A x=vj:+^af 

=(45.8 m/s)(4.52 s) +|(l5.0 m/s 2 )(4.52 s) 2 
Solving, Ax = 360 m| . 

(c) For the Coyote's motion through the air, 

Vxf =v xi +a x t =45.8 m/s +(l5 m/s 2 )(4.52 s) = |l!4 m/s| 
Vyf =V yi +a y t =0- (9.80 m/s 2 )(4.52 s) = |-44.3 m/s | 

(a) Reference frame: Earth 

The ice chest floats downstream 2 km in time interval At, so 
2 km = v 0W At —> Af = 2 km/z? oa) 

The upstream motion of the boat is described by 
d = (v - v ow )(l5 min) 

and the downstream motion is described by 
d + 2 km = (v - v ou )(At - 15 min) 
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P4.80 


We substitute the above expressions for At and d: 

(v- 0(15 min) +2 km 15 minj 

v[l5 min)- 1^(15 min) +2 km 

km) +2 km- v[l5 min)- 1^(15 min) 

\/(30min)=^(2 km) 

=|4.00 km/h] 


(b) Reference frame: water 


After the boat travels so that it and its starting point are 2 km 
apart, the chest enters the water, where, in the frame of the water, 
it is motionless. The boat then travels upstream for 15 min at 
speed v, and then downstream at the same speed, to return to the 
same point where the chest is at rest in the water. Thus, the boat 
travels for a total time interval of 30 min. During this same time 
interval, the starting point approaches the chest at speed v ow , 
traveling 2 km. Thus, 


) km/h | 


Think of shaking down the mercury in an old fever thermometer. 
Swing your hand through a circular arc, quickly reversing direction at 
the bottom end. Suppose your hand moves through one-quarter of a 
circle of radius 60 cm in 0.1 s. Its speed is 

—(27t)( 0.6 m) 

4-- 9 m/s 


and its centripetal acceleration is 


r 


(9 m/s) 2 
0.6 m 


|~ 10 2 m/s*j. 


The tangential acceleration of stopping and reversing the motion will 
make the total acceleration somewhat larger, but will not affect its 
order of magnitude. 
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Challenge Problems 

P4.81 ANS. FIG. P4.81 indicates that a line 

extending along the slope will past through 
the end of the ramp, so we may take the 
position of the skier as she leaves the ramp 
to be the origin of our coordinate system. 

(a) Measured from the end of the ramp, 
the skier lands a distance d down the 
slope at time t: 

Ax = v X jt 



—> dcos50.0° =(10.0 m/s)(cosl5.0°)t 


and 


A y=v yi t+^ge^ 

-c/sin50.0° =(10.0 m/s)(sin 15.0°)t+^(-9.80 m/s 2 )! 2 


Solving, d = |43.2 ml and t = 2.88 s. 

(b) Since a x = 0, 

v xf =v xi =(l0.0 m/s)cos 15.0° = |9.66 m/sj 
Vyf =v yi +a y t=[ 10.0 m/s)sinl5.0°-(9.80 m/s 2 )(2.88 s) 
= |-25.6 m/s] 


(c) 


Air resistance would ordinarily decrease the values of the range 
and landing speed. As an airfoil, she can deflect air downward 
so that the air deflects her upward. This means she can get some 
lift and increase her distance. 


P4.82 (a) For Chris, his speed downstream is c + v 

while his speed upstream is c - v. 

Therefore, the total time for Chris is 


(b) Sarah must swim somewhat upstream to counteract the effect 
from the current. As is shown in the diagram, the magnitude of 
her cross-stream velocity is Vc 2 - v 2 . 


At, = 


2 L/C 


C+v c-v 1— v 2 /c 2 



ANS. FIG. P4.82 
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Thus, the total time for Sarah is 



2 L/C 


(c) 


Since the term (1 - i/Vc 2 ) < 1, At, > At 2 , so Sarah, who swims 
cross-stream, returns first. 


*P4.83 Let the river flow in the x direction. 


(a) To minimize time, | swim perpendicular to the banks | in the y 
direction. You are in the water for time tin Ay =V y t, 


80 m 
1.5 m/s 


=53.3 s 


(b) The water carries you downstream by 

Ax =V x t =(2.50 m/s)53.3 s = | 133 m | 

(c) To minimize downstream drift, you should swim so that your 
resultant velocity v s +V W is perpendicular to your swimming 
velocity V s relative to the water. This is shown graphically in the 
upper row of ANS. FIG. P4.83. Unlike the situations shown in 
ANS. FIG. P4.83(a) and ANS. FIG. P4.83(b), this condition (shown 
in ANS. FIG. P4.83(b)) maximizes the angle between the resultant 
velocity and the shore. The angle between v s and the shore is 

given by cos 6 = lAi ri / s _ | Q =53.1° |. 

& J 2.5 m/s 1 - 1 



(d) 
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P4.84 


(d) See ANS. FIG. P4.83(d). Now, 

V y = V s sm6 =(1.5 m/s)sin53.1° =1.20 m/s 

=66.7 s 

v y 1.2 m/s 

Ax -V x t =[2.5 m/s-(1.5 m/s)cos53.1°](66.7 s) = | 107 m j 

Measure heights above the level ground. The elevation y b of the ball 
follows 

y b =R +0-ige 


with 


x=v ( t so y b =R-—. 


(a) The elevation y r of points on the rock is described by 
yf +x 2 =R 2 

We will have y b = y r at x = 0, but for all other x we require the ball 
to be above the rock's surface as in y b > y r . Then y 2 b + x 2 > R 2 : 


2 vf 


+x 2 >R 2 


r 2 _sp^ + sW +x2>r2 
vf 4vf 

sW +x2 >5P/R 

4vf vf 

If this inequality is satisfied for x approaching zero, it will be true 
for all x. If the ball's parabolic trajectory has large enough radius 
of curvature at the start, the ball will clear the whole rock: 


pi- >JgR | 

(b) With V, =JgR and y b =0, we have 0 =R - 

or X —R-J2. The distance from the rock's base is 
x-R = 


(V 2-1 )r 
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P4.85 


When the bomb has fallen a vertical distance 2.15 km, it has traveled a 
horizontal distance x f given by 

X f =J[ 3.25 km) 2 -(2.15 km) 2 =2.437 km 


The vertical displacement of the bomb is 


y f =X f tan 0,-- 


9*1 

2tf cos 2 0 ( 


Substituting, 

-2150 m =(2 437 m)tan0, 


(9.8 m/s 2 )(2 437 m) 2 
2(280 m/s) 2 cos 2 6 i 


-2150 m =(2 437 m)tan0,.-(371.19 m)(l +tan 2 0,) 

.-. tan 2 0- 6.565tan 0, - 4.792 =0 

.-. tan0,- =|(6.565 ±^(6.565) 2 - 4(l)(-4.792)) =3.283 ±3.945 
We select the negative solution, since 0 ; is below the horizontal. 


\ tan 0 =-0.662, 0, =-33.5° 


P4.86 (a) The horizontal distance traveled by 

the projectile is given by 

x f =v xj t=(v j cos 6 i ) t 

->t = Xf 
Vj cos 0j 

We substitute this into the equation 
for the displacement in y: 



Zl 8 { 


A NS. FIG. P4.86 


y f =v vi t--gF =(tan0,)(x f )- , 9 . x 2 

y ' 2 y V 2vfcos 6; f 

Now setting x f =dcos(j) and y f =dsin0, we have 

dsiruf) =(tan0,)(c/cos0)- 7 ^ 7 —(c/cos 0) 2 

2vf cos 0,- 

Solving for d yields 

^ _ 2 v 2 cos 0, [sin 0, cos 0 - sirtpf os 0, ] 

geos 2 0 
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P4.87 


P4.88 


2vf cos 0, sin (0 ,:-(/)) 


gc os (p 


(b) Setting — (d) =0 leads to 


q =45° 

and 

' 2 



cLx 


_ \/f (l- sin^) 
geos 2 (p 


For the smallest impact angle 

e=tan- 1 (-^-l 


we want to minimize v yf and maximize v xf = v xi . 

The final y component of velocity is related to \ \ \ 

v yi by v^f = v 2 +2 gh, so we want to minimize v yi A N S. FI G. P4.87 

and maximize v xi . Both are accomplished by 
making the initial velocity horizontal. Then v xi = v, v yi = 0, and 
Vyf =yjl gh. At last, the impact angle is 


0 =tan 1 




We follow the steps outlined in Example 4.5, eliminating 
find 


deosep 
Vi cos 6 


to 


v t sin 0 dcos 0 
Vi cos 0 


gtf cos 2 (p 
2vf cos 2 6 


dsirup 


Clearing the fractions gives 

2 if cos 0 sin 0 cos 0- gdcos 2 (p =-2vf cos 2 0 sirup 


To maximize d as a function of 0, we differentiate through with respect 

to 0and set =0: 

dd 

2vf cos0cos0cos(p +2 if sin 0 (- sin 0)cos(p 

-g\-£(d) 1 COS 2 (p =-2vf2cos0[ -sinO)siiup 
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We use the trigonometric identities from Appendix B4: 

cos 20 =cos 2 0 -sin 2 0 and sin 20 =2 sin 0 cos 0 

to find 

cos 0 cos 20 =sin 20 sin 0 

Next, =tarup and cot 20 =—-— give cot 20= tan (f> so 
cos</> tan 20 

(b =90°-20 and 0=45°-- 
2 

P4.89 Find the highest firing angle 0 H for which the projectile will clear the 
mountain peak; this will yield the range of the closest point of 
bombardment. Next find the lowest firing angle; this will yield the 
maximum range under these conditions if both 0 H and d L are > 45°, 
x = 2 500 m, y = 1 800 m, and v- = 250 m/s. 

y f =v yi t-^gt 2 =v ; (sm6)t-^gt 2 
x f =v xj t =v t (cos 0 )t 


Thus, 


t = 


ycos 0 

Substitute into the expression for y f : 

1 


y f =v j (smd) --- g\ --— =x f tan 0 -- — f -^— 

ViCosO 2 1 , v, cos6] 2 tfcos 0 

but —=tan 2 0 +l, so y f =x f tan 0 -^-(tan 2 0 +l) and 
cos 0 ^ f 2v i\ I 

2 

0 =— 5 -tan 0 - x f tan 0 +— T +y f 
2 vf f 2 vf 

Substitute values, use the quadratic formula, and find 
tan0 =3.905 or 1.197, which gives 0 H =75.6° and 0 L =50.1°. 

Range (at 0 H ) =^^ =3.07 x 10 3 m from enemy ship 

3.07 x 10 3 m - 2 500 m - 300 m =270 m from shore 
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Range (at ej =^^ =6.28 x 10 3 m from enemy ship 

6.28 x 10 3 m - 2 500 m - 300 m =3.48 x 10 3 m from shore 

Therefore, the safe distance is | <270 m~| or | >3.48 x 10 3 m | from the 
shore. 
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lNSWERS to even-numbered problems 


P4.2 2.50 m/s 

P4.4 (a) -5.00 m i m/s ; (b) -5.00m 2 j m/s; 

(c) (4.00 m)j + (5.00 m)(-sinMti -cosMtj), 

(5.00 m)M^-cosMi + sinMijJ, (5.00 m)M 2 [sinMti + cosMj]; (d) a circle 
of radius 5.00 m centered at (0,4.00 m) 

P4.6 (a) 5.00fi +1.50 f ]; (b) 5.00i +3.001 j; (c) 10.0 m, 6.00 m; (d) 7.81 m/s 

P4.8 (a) (lO.O i + 0.241 j) mm; (b) (1.84xlO 7 m/s) i + (8.78 xlO 5 m/s)j; 

(c) 1.85 x 10 7 m/s; (d) 2.73° 

P4.10 (a) \f f =(3.45- 1.79f)i +(2.89-0.650t)j; 

(b) t f =(-25.3 +3.45t-0.893t 2 )i +(28.9 +2.89t-0.325t 2 )j 
P4.12 0.600 m/s 2 

P4.14 (a) v xj =C^m, (b) The direction of the mug's velocity is tan '(2h/d) 

below the horizontal. 

P4.16 x = 7.23 x 10 3 m,y = 1.68 xl0 3 m 

P4.18 (a) 76.0°, (b) R max = 2.13 R, (c) the same on every planet 

P4.20 (a) 22.6 m; (b) 52.3 m; (c) 1.18 s 

P4.22 (a) there is; (b) 0.491 m/s 

P4.24 (a) 0.852 s; (b) 3.29 m/s; (c) 4.03 m/s; (d) 50.8°; (e) t = 1.12 s 

P4.26 (a) (0,0.840 m); (b) 11.2 m/s at 18.5°; (c) 8.94 m 

P4.28 (a) t = v, sin 6/g; (b) h max =h +i^^£l_ 

P4.30 (a) 28.2 m/s; (b) 4.07 s; (c) the required initial velocity will increase, the 

total time of flight will increase 

P4.32 (a) 41.7 m/s; (b) 3.81 s; (c) v x =34.1 m/s, v y =-13.4 m/s, v =36.7 m/s 

P4.24 0.033 7 m/s 2 directed toward the center of Earth 

P4.36 10.5 m/s, 219 m/s 2 inward 

P4.38 (a) 6.00 rev/s; (b) 1.52 x 10 3 m/s 2 ; (c) 1.28 x 10 3 m/s 2 
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P4.40 

P4.42 

P4.44 

P4.46 

P4.48 

P4.50 

P4.52 

P4.54 


P4.56 


P4.58 

P4.60 

P4.62 


P4.64 

P4.66 

P4.68 

P4.70 

P4.72 


P4.74 

P4.76 

P4.78 


(a) 13.0 m/s 2 ; (b) 5.70 m/s; (c) 7.50 m/s 2 

(a) See ANS. FIG. P4.42; (b) 29.7 m/s 2 ; (c) 6.67 m/s tangent to the circle 
153 km/h at 11.3° north of west 


(a) At woman =-; (b) At man = 


-;(c) At man = 


v x +v 2 ' v_/ mm v 1 +2 v 2 

(a) 57.7 km/h at 60.0° west of vertical; (b) 28.9 km/h downward 

(a) 2.02 x 10 3 s; (b) 1.67 x 10 3 s; (c) Swimming with the current does not 
compensate for the time lost swimming against the current. 

27.7° E of N 


(a) straight up, at 0° to the vertical; (b) 8.25 m/s; (c) a straight up and 
down line; (d) a symmetric parabola opening downward; (e) 12.6 m/s 
north at tan _1 (8.25/9.5) = 41.0° above the horizontal 


(a) 2 Jf ; (b) i -j3gR ; (c) W ; (d) @5; (e) 33.7»; (f) £ R ; 


pg 

wil" 

(a) 5i +4t 3/2 j; (b) 5fi +1.6t 5/2 j 


(a) 9.80 m/s 2 , downward; (b) 10.7 m/s 

<a) f ; (b) K ; <c) v ' = ^ + ^ ; 
(d) e, =tan-‘^j 

68.8 km/h 
22.4° or 89.4° 


IVitcosQ; 


(a) 25.0 m/s 2 ; (b) 9.80 m/s 2 ; (c) See ANS. FIG. P4.70; (d) 26.8 m/s 2 ,21.4° 

(a) See table in P4.72(a); (b) From the table, it looks like the magnitude 
of r is largest at a bit less than 6 s; (c) 138 m; (d) We can require 
dr 2 /dt =0 =(d/dt)[(12t) 2 +(49t- 4.9t 2 ) 2 ], which results in the solution. 

(a) 6 =26.6°; (b) 0.949 
18.8 m, -17.3 m 

(a) 22.9 m/s and 3.06 s; (b) 360 m; (c) 114 m/s, -44.3 m/s 
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P4.80 ~10 2 m/s 2 

P4.82 (a) At, =——I—— = 2L / C , ;(b)At,= 2L - 2L/c . 

c+v c-v lW/c 2 '' ' JTVJd 

(c) Sarah, who swims cross-stream, returns first 
P4.84 (a) >y[gR ; (b) x- R =(>/2 - l)/R 

P4.86 (a) See P4.86a for derivation; (b) of =45° +—, 0, 

2 geos (j) 

P4.88 See P4.88 for complete derivation. 
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The Laws of M otion 


ICHAPTER OUTLINE 


5.1 The Concept of Force 

5.2 Newton's First Law and Inertial Frames 

5.3 Mass 

5.4 Newton's Second Law 

5.5 The Gravitational Force and Weight 

5.6 Newton's Third Law 

5.7 Analysis Models Using Newton's Second Law 

5.8 Forces of Friction 


* An asterisk indicates a question or problem new to this edition.) 


JMSWERS TO OBJECTIVE QUESTIONS 


0Q5.1 Answer (d). The stopping distance will be the same if the mass of the 
truck is doubled. The normal force and the friction force both double, 
so the backward acceleration remains the same as without the load. 

OQ5.2 Answer (b). Newton's 3rd law describes all objects, breaking or whole. 
The force that the locomotive exerted on the wall is the same as that 
exerted by the wall on the locomotive. The framing around the wall 
could not exert so strong a force on the section of the wall that broke 
out. 

OQ5.3 Since they are on the order of a thousand times denser than the 

surrounding air, we assume the snowballs are in free fall. The net force 
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on each is the gravitational force exerted by the Earth, which does not 
depend on their speed or direction of motion but only on the snowball 
mass. Thus we can rank the missiles just by mass: d>a = e>b>c. 

OQ5.4 Answer (e). The stopping distance will decrease by a factor of four if 
the initial speed is cut in half. 

OQ5.5 Answer (b). An air track or air table is a wonderful thing. It exactly 
cancels out the force of the Earth's gravity on the gliding object, to 
display free motion and to imitate the effect of being far away in space. 

OQ5.6 Answer (b). 200 N must be greater than the force of friction for the 
box's acceleration to be forward. 


OQ5.7 Answer (a). Assuming that the cord connecting m 1 and m 2 has constant 
length, the two masses are a fixed distance (measured along the cord) 
apart. Thus, their speeds must always be the same, which means that 
their accelerations must have equal magnitudes. The magnitude of the 
downward acceleration of m 2 is given by Newton's second law as 


a 2 


X F y _m 2 g~T 
m 2 m 2 



<g 


where T is the tension in the cord, and downward has been chosen as 
the positive direction. 

OQ5.8 Answer (d). Formulas a, b, and e have the wrong units for speed. 
Formulas a and c would give an imaginary answer. 

OQ5.9 Answer (b). As the trailer leaks sand at a constant rate, the total mass 
of the vehicle (truck, trailer, and remaining sand) decreases at a steady 
rate. Then, with a constant net force present, Newton's second law 
states that the magnitude of the vehicle's acceleration (a = F net /m) will 
steadily increase. 

OQ5.10 Answer (c). When the truck accelerates forward, the crate has the 

natural tendency to remain at rest, so the truck tends to slip under the 
crate, leaving it behind. However, friction between the crate and the 
bed of the truck acts in such a manner as to oppose this relative motion 
between truck and crate. Thus, the friction force acting on the crate will 
be in the forward horizontal direction and tend to accelerate the crate 
forward. The crate will slide only when the coefficient of static friction 
is inadequate to prevent slipping. 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copie 


■ duplicated, or posted to a publicly accessible website, in whole or in part. 



Chapter 5 199 


0Q5.11 Both answers (d) and (e) are not true : (d) is not true because the value 
of the velocity's constant magnitude need not be zero, and (e) is not 
true because there may be no force acting on the object. An object in 
equilibrium has zero acceleration (a =0), so both the magnitude and 
direction of the object's velocity must be constant. Also, Newton's 
second law states that the net force acting on an object in equilibrium is 
zero. 

OQ5.12 Answer (d). All the other possibilities would make the total force on 
the crate be different from zero. 

OQ5.13 Answers (a), (c), and (d). A free-body diagram shows the forces 

exerted on the object by other objects, and the net force is the sum of 
those forces. 


lNSWERS to conceptual questions 


C Q 5.1 A portion of each leaf of grass extends above the metal bar. This 

portion must accelerate in order for the leaf to bend out of the way. If 
the bar moves fast enough, the grass will not have time to increase its 
speed to match the speed of the bar. The leaf's mass is small, but when 
its acceleration is very large, the force exerted by the bar on the leaf 
puts the leaf under tension large enough to shear it off. 

CQ5.2 When the hands are shaken, there is a large acceleration of the surfaces 
of the hands. If the water drops were to stay on the hands, they must 
accelerate along with the hands. The only force that can provide this 
acceleration is the friction force between the water and the hands. 
(There are adhesive forces also, but let's not worry about those.) The 
static friction force is not large enough to keep the water stationary 
with respect to the skin at this large acceleration. Therefore, the water 
breaks free and slides along the skin surface. Eventually, the water 
reaches the end of a finger and then slides off into the air. This is an 
example of Newton's first law in action in that the drops continue in 
motion while the hand is stopped. 

CQ5.3 When the bus starts moving, the mass of Claudette is accelerated by 
the force of the back of the seat on her body. Clark is standing, 
however, and the only force on him is the friction between his shoes 
and the floor of the bus. Thus, when the bus starts moving, his feet 
start accelerating forward, but the rest of his body experiences almost 
no accelerating force (only that due to his being attached to his 
accelerating feet!). As a consequence, his body tends to stay almost at 
rest, according to Newton's first law, relative to the ground. Relative to 
Claudette, however, he is moving toward her and falls into her lap. 
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CQ5.4 The resultant force is zero, as the acceleration is zero. 

CQ5.5 First ask, "Was the bus moving forward or backing up?" If it was 

moving forward, the passenger is lying. A fast stop would make the 
suitcase fly toward the front of the bus, not toward the rear. If the bus 
was backing up at any reasonable speed, a sudden stop could not 
make a suitcase fly far. Fine her for malicious litigiousness. 

C Q 5.6 Many individuals have a misconception that throwing a ball in the air 

gives the ball some kind of a "force of motion" that the ball carries 
after it leaves the hand. This is the "force of the throw" that is 
mentioned in the problem. The upward motion of the ball is explained 
by saying that the "force of the throw" exceeds the gravitational 
force—of course, this explanation confuses upward velocity with 
downward acceleration—the hand applies a force on the ball only 
while they are in contact; once the ball leaves the hand, the hand no 
longer has any influence on the ball's motion. The only property of the 
ball that it carries from its interaction with the hand is the initial 
upward velocity imparted to it by the thrower. Once the ball leaves the 
hand, the only force on the ball is the gravitational force, (a) If there 
were a "force of the throw" felt by the ball after it leaves the hand and 
the force exceeded the gravitational force, the ball would accelerate 
upward, not downward! (b) If the "force of the throw" equaled the 
gravitational force, the ball would move upward with a constant 
velocity, rather than slowing down and coming back down! (c) The 
magnitude is zero because there is no "force of the throw." (d) The ball 
moves away from the hand because the hand imparts a velocity to the 
ball and then the hand stops moving. 

C Q 5.7 (a) force: The Earth attracts the ball downward with the force of 

gravity—reaction force: the ball attracts the Earth upward with the 
force of gravity; force: the hand pushes up on the ball —reaction force: 
the ball pushes down on the hand. 

(b) force: The Earth attracts the ball downward with the force of 
gravity—reaction force: the ball attracts the Earth upward with the 
force of gravity. 

C Q 5.8 (a) The air inside pushes outward on each patch of rubber, exerting a 

force perpendicular to that section of area. The air outside pushes 
perpendicularly inward, but not quite so strongly, (b) As the balloon 
takes off, all of the sections of rubber feel essentially the same outward 
forces as before, but the now-open hole at the opening on the west side 
feels no force - except for a small amount of drag to the west from the 
escaping air. The vector sum of the forces on the rubber is to the east. 
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The small-mass balloon moves east with a large acceleration, (c) Hot 
combustion products in the combustion chamber push outward on all 
the walls of the chamber, but there is nothing for them to push on at 
the open rocket nozzle. The net force exerted by the gases on the 
chamber is up if the nozzle is pointing down. This force is larger than 
the gravitational force on the rocket body, and makes it accelerate 
upward. 

CQ5.9 The molecules of the floor resist the ball on impact and push the ball 
back, upward. The actual force acting is due to the forces between 
molecules that allow the floor to keep its integrity and to prevent the 
ball from passing through. Notice that for a ball passing through a 
window, the molecular forces weren't strong enough. 

CQ5.10 The tension in the rope when pulling the car is twice that in the tug-of- 
war. One could consider the car as behaving like another team of 
twenty more people. 

CQ5.11 An object cannot exert a force on itself, so as to cause acceleration. If it 
could, then objects would be able to accelerate themselves, without 
interacting with the environment. You cannot lift yourself by tugging 
on your bootstraps. 

CQ5.12 Yes. The table bends down more to exert a larger upward force. The 

deformation is easy to see for a block of foam plastic. The sag of a table 
can be displayed with, for example, an optical lever. 

CQ5.13 As the barbell goes through the bottom of a cycle, the lifter exerts an 

upward force on it, and the scale reads the larger upward force that the 
floor exerts on them together. Around the top of the weight's motion, 
the scale reads less than average. If the weightlifter throws the barbell 
upward so that it loses contact with his hands, the reading on the scale 
will return to normal, reading just the weight of the weightlifter, until 
the barbell lands back in his hands, at which time the reading will 
jump upward. 

CQ5.14 The sack of sand moves up with the athlete, regardless of how quickly 
the athlete climbs. Since the athlete and the sack of sand have the same 
weight, the acceleration of the system must be zero. 

CQ5.15 If you slam on the brakes, your tires will skid on the road. The force of 
kinetic friction between the tires and the road is less than the 
maximum static friction force. Antilock brakes work by "pumping" the 
brakes (much more rapidly than you can) to minimize skidding of the 
tires on the road. 
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C Q 5.16 (a) Larger: the tension in A must accelerate two blocks and not just 

one. (b) Equal. Whenever A moves by 1 cm, B moves by 1 cm. The two 
blocks have equal speeds at every instant and have equal accelerations, 
(c) Yes, backward, equal. The force of cord B on block 1 is the tension 
in the cord. 

CQ5.17 As you pull away from a stoplight, friction exerted by the ground on 
the tires of the car accelerates the car forward. As you begin running 
forward from rest, friction exerted by the floor on your shoes causes 
your acceleration. 

CQ5.18 It is impossible to string a horizontal cable without its sagging a bit. 
Since the cable has a mass, gravity pulls it downward. A vertical 
component of the tension must balance the weight for the cable to be in 
equilibrium. If the cable were completely horizontal, then there would 
be no vertical component of the tension to balance the weight. If a 
physicist would testify in court, the city employees would win. 

C Q 5.19 (a) Yes, as exerted by a vertical wall on a ladder leaning against it. (b) 

Yes, as exerted by a hammer driving a tent stake into the ground, (c) 
Yes, as the ball accelerates upward in bouncing from the floor, (d) No; 
the two forces describe the same interaction. 

C Q 5.20 The clever boy bends his knees to lower his body, then starts to 

straighten his knees to push his body up—that is when the branch 
breaks. In order to give himself an upward acceleration, he must push 
down on the branch with a force greater than his weight so that the 
branch pushes up on him with a force greater than his weight. 

C Q 5.21 (a) As a man takes a step, the action is the force his foot exerts on the 

Earth; the reaction is the force of the Earth on his foot, (b) The action is 
the force exerted on the girl's back by the snowball; the reaction is the 
force exerted on the snowball by the girl's back, (c) The action is the 
force of the glove on the ball; the reaction is the force of the ball on the 
glove, (d) The action is the force exerted on the window by the air 
molecules; the reaction is the force on the air molecules exerted by the 
window. We could in each case interchange the terms "action" and 
"reaction." 

C Q 5.22 (a) Both students slide toward each other. When student A pulls on 

the rope, the rope pulls back, causing her to slide toward Student B. 
The rope also pulls on the pulley, so Student B slides because he is 
gripping a rope attached to the pulley, (b) Both chairs slide because 
there is tension in the rope that pulls on both Student A and the pulley 
connected to Student B. (c) Both chairs slide because when Student B 
pulls on his rope, he pulls the pulley which puts tension into the rope 
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passing over the pulley to Student A. (d) Both chairs slide because 
when Student A pulls on the rope, it pulls on her and also pulls on the 
pulley. 

C Q 5.23 If you have ever seen a car stuck on an icy road, with its wheels 

spinning wildly, you know the car has great difficulty moving forward 
until it "catches" on a rough patch, (a) Friction exerted by the road is 
the force making the car accelerate forward. Burning gasoline can 
provide energy for the motion, but only external forces—forces exerted 
by objects outside—can accelerate the car. (b) If the car moves forward 
slowly as it speeds up, then its tires do not slip on the surface. The 
rubber contacting the road moves toward the rear of the car, and static 
friction opposes relative sliding motion by exerting a force on the 
rubber toward the front of the car. If the car is under control (and not 
skidding), the relative speed is zero along the lines where the rubber 
meets the road, and static friction acts rather than kinetic friction. 


■SOLUTIONS TO END-OF-CHAPTER PROBLEMS 


i 5.1 The Concept of Force 

i 5.2 Newton's First Law and Inertial Frames 
i 5.3 M ass 

i 5.4 N ewton's Second Law 

i 5.5 The G ravitational Force and Weight 
i 5.6 Newton's Third Law 

(a) The woman's weight is the magnitude of the gravitational force 
acting on her, given by 

F g =mg =120 lb =(4.448 N/lb)(120 lb) = | 534 N ] 

,i . F q 534 N | _. _ ,—| 

(b) Her mass is m =— =-= 54.5 kg 

V ’ g 9.80 m/s 2 I-5J 

We are given F g =mg =900 N, from which we can find the man's mass, 

mj 4 900N 

9.80 m/s 2 B 


Then, his weight on Jupiter is given by 


( F ,L Iupl „ =91-8 kg(25.9 m/s 2 ) =| 2.38 kN | 
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P5.3 We use Newton's second law to find the force as a vector and then the 
Pythagorean theorem to find its magnitude. The givens are m = 3.00 kg 
and a =(2.00i+5.00j) m/s 2 . 

(a) The total vector force is 

XF =ma=(3.00 kg)(2.00i +5.00j) m/s 2 = |(6.00i +15.0 j)n| 

(b) Its magnitude is 

|f| =J(fJ +(F y ) 2 =V(6.00 N) 2 +(15.0 N) 2 = |16.2 N| 

P5.4 Using the reference axes shown in Figure P5.4, we see that 
£F X =T cos 14.0 °-Tcos 14.0° =0 


and 


YjF y =-T sin 14.0 °-Tsin 14.0° =-2 T sin 14.0° 

Thus, the magnitude of the resultant force exerted on the tooth by the 
wire brace is 

R =J(IF X ) 2 +(l F y ) 2 =yJo +(-2T sin 14.0 °) 2 =2Tsinl4.0° 
or 

R =2(18.0 N)sin 14.0° = |8.71N| 

P5.5 We use the particle under constant acceleration and particle under a 
net force models. We first calculate the acceleration of the puck: 

Ay (8.00i + 10.0j)m/s - 3.00i m/s 
3 = A t = 8M^ 

=0.625i m/s 2 +1.25j m/s 2 

In X F =ma, the only horizontal force is the thrust F of the rocket: 

(a) F =(4.00 kg)(o.625i m/s 2 +1.25j m/s 2 ) = 

(b) Its magnitude is |F| = ^(2.50 N) 2 +(5.00 N) 2 = |5.59N| 


(2.50l +5.00j) N 
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P5.6 (a) Let the x axis be in the original direction of the molecule's motion. 

Then, from v f =v t +at, we have 


_v f -v i __670 m/s - 670 m/s 


=| -4.47 xlO 15 m/s 2 


t 3.00 x 10 

(b) For the molecule, X F =ma Its weight is negligible. 

=(4.68x10-“ kg)(-4.47xl0 15 m/s 2 ) 


=-2.09 xlO“ 10 N 
i = | +2.09xlQ- 10 ~hn 


*P5.7 Imagine a quick trip by jet, on which you do not visit the rest room and 
your perspiration is just canceled out by a glass of tomato juice. By 
subtraction, (F g ) p =mg p and (fJ c =mg c give 


AF g =m(g p - g c ) 


For a person whose mass is 90.0 kg, the change in weight is 
AF g =90.0 kg (9.809 5-9.780 8) = | 2.58 N, 


A precise balance scale, as in a doctor's office, reads the same in 
different locations because it compares you with the standard masses 
on its beams. A typical bathroom scale is not precise enough to reveal 
this difference. 


P5.8 The force on the car is given by ^F=ma, or, in one dimension, 
X.F =ma. Whether the car is moving to the left or the right, since it's 
moving at constant speed, a = 0 and therefore =[o] for both parts 
(a) and (b). 

P5.9 We find the mass of the baseball from its weight: w = mg, so m = w/g = 
2.21 N/9.80 m/s 2 = 0.226 kg. 

(a) We use x f =x, (V, + v f )t and x f - x ( =Ax, with = 0, 

v f = 18.0 m/s, and At=t=170 ms =0.170 s: 

Ax =~(Vi +v f )A t 

AX =|(0 +18.0 m/s)(0.170 s) = |l.53m| 
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P5.10 


(b) We solve for acceleration using =V xj +a x t, which gives 

i/vf - W 


where a is in m/s 2 , v is in m/s, and t in s. Substituting gives 
_18.0 m/s-0 _ 


0.170 s 


- =106 m/s 2 


Call Fj = force of pitcher on ball, and F 2 = force of Earth on ball 
(weight). We know that 

XF=F 1 +F 2 =ma 


Writing this equation in terms of its components gives 

1F X =F 1X +F 2x =ma x XF y =F ly +F 2y =ma y 

X F x =F lx +0 =ma x X F y =F ly - 2.21 N =0 


Solving, 

F lx =(0.226 kg)(l06 m/s 2 ) =23.9 N and F ly =2.21 N 
Then, 

F,=^FjT{F ,J 

=V( 23.9 N) 2 +(2.21 N) 2 =24.0 N 

and 6 =tan _1 ( =5.29° 

123.9 N ) 


The pitcher exerts a force of 24.0 N forward at 5.29° above 
the horizontal. 


(a) Use Ax =- (v j +v f )At, where v { = 0,v f = v, and At =t: 


Ax=-(v j +V f )At =| 


|- vt\ 
2 
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(b) Use v xf = v xi + a x t: 


v xt =v >d +a x t-> a x = 


y-0 _v 
~t t 


Call F x = force of pitcher on ball, and F 2 =-F g =-mg = 
gravitational force on ball. We know that 


XF=F 1 +F 2 =ma 


writing this equation in terms of its components gives 

2,F X = F lx +F 2 x = ma x 'ZFy = F ly + F 2 y = md y 

1 F x = F lx +0 = ma x I F y = F 1 y ~ mg =0 

Solving and substituting from above, 

F lx = mv/t F ly = mg 

then the magnitude of F 1 is 

Fi=J(FJ+( fJ 

=^(irw7tj r +(mgf = 

and its direction is 


mj[v/t) 2 +g 2 


6 =tan 1 


tan' 1 * 


P5.ll Since this is a linear acceleration problem, we can use Newton's second 
law to find the force as long as the electron does not approach 
relativistic speeds (as long as its speed is much less than 3 x 10 8 m/s), 
which is certainly the case for this problem. We know the initial and 
final velocities, and the distance involved, so from these we can find 
the acceleration needed to determine the force. 

(a) From v 2 f =vf +2 ax and ^F =ma, we can solve for the 

v* f - vf 

acceleration and then the force: a = —— 
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Substituting to eliminate a, ^—~ 

Substituting the given information, 

(9.11 x IO - 31 kg)T(7.00 x 10 5 m/s) 2 - (3.00 x 10 5 m/s) 2 

y f =- - - 

^ 2(0.050 0 m) 


P5.12 


P5.13 


= [3.64 x 10~ 18 N] 

(b) The Earth exerts on the electron the force called weight, 
F g =mg =(9.11 x 10" 31 kg)(9.80 m/s 2 ) =8.93 x 10" 30 N 
The accelerating force is 

| 4.08 x 10 11 times the weight of the electron. ~[ 

We first find the acceleration of the object: 

Tf-Tj =v,t+-a e 

f 1 1 2 

4.20 ml-3.30 mj =0 +|a(l.20 s) 2 =(0.720 s 2 )a 
a=(5.83i-4.58j) m/s 2 

Now X F =tna becomes 


F g +F 2 =ma 


h 

h 


=2.80 kg (5.83i-4.58j) m/s 2 +(2.80 kg)(9.80 m/s 2 )j 
= (l6.3l +14.6j) N 


(a) 


Force exerted by spring on hand, to the left; force exerted by 
spring on wall, to the right. 
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(b) 


Force exerted by wagon on handle, downward to the left. Force 
exerted by wagon on planet, upward. Force exerted by wagon on 
ground, downward. 


(c) 


Force exerted by football on player, downward to the right. Force 
exerted by football on planet, upward. 


(d) 


Force exerted by small-mass object on large-mass object, 
to the left. 


(e) [Force exerted by negative charge on positive charge, to the left.| 

(f) [Force exerted by iron on magnet, to the left.| 


P5.14 The free-body diagrams are shown in ANS. FIG. P5.14 below. 


(a) 

n cb =normal force of cushion on brick 
m b9 = gravitational force on brick 





(b) 

n pc =normal force of pavement on cushion 
m b 9 = gravitational force on cushion 

F bc =force of brick on cushion 



brick cushion 

(a) (b) 

ANS. FIG .P5.14 
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*P5.15 


(c) 


force: normal force of cushion on brick (h cb ) —> reaction force: 
force of brick on cushion (F bc ) 

force: gravitational force of Earth on brick (m b g) —> reaction 
force: gravitational force of brick on Earth 
force: normal force of pavement on cushion (h pc ) —> reaction 
force: force of cushion on pavement 

force: gravitational force of Earth on cushion (m c g) —> reaction 
force: gravitational force of cushion on Earth 


(a) We start from the sum of the two forces: 

£F =F 1 +F 2 =(—6.00! — 4.00j) +(-3.00i +7.00 j) 
=(—9.00! +3.00j) N 

The acceleration is then: 

_^F_(—9.00l +3.00]) N 


a=a x i +a y j = 


2.00 kg 


=(—4.501 +1.50j) m/s 2 
and the velocity is found from 
Si f =v x i +v y j =v +at=at 
v f =[(—4.50l +1.50j) m/s 2 ](l0.0 s) 


=1 (-45.01 +15.0j) m/s 


(b) The direction of motion makes angle 6 with the x direction. 


/ v 3 ( 

6 =tan — =tan 


15.0 m/s^| 
45.0 m/s J 


6 =-18.4° +180° = | 162° from the +xaxis | 
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(c) Displacement: 


x-displacement =x f - x t =v xi t +^a x f 

=|(-4.50 m/s 2 )(l0.0 s) 2 =-225 m 

y-displacement =y f - y, = v yj t +^ a y F 

=^-(+1.50 m/s 2 )(l0.0 s) 2 =+75.0 m 


Ar =1 (—2251 +75.0 j) m 


(d) Position: t f =fj +Ar 


t f =(-2.00i +4.00j) +(-2251 +75.0j) =1 (-2271 +79.0j) m 


*P5.16 Since the two forces are perpendicular to each other, their resultant is 
F r =7(180 N) 2 +(390 N) 2 =430 N 
at an angle of 


6 =tan 1 


390 N ^ 

180 nJ 


=65.2° N of E 


From Newton's second law. 


a 


_ 430 N 
m 270 kg 


=1.59 m/s 2 


a = [l.59 m/s 2 at 65.2° N of E| 

P5.17 (a) With the wind force being horizontal, the only vertical force 

acting on the object is its own weight, mg. This gives the object a 
downward acceleration of 

y m m 
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The time required to undergo a vertical displacement Ay =-h, 
starting with initial vertical velocity V 0y =0, is found from 

1 9 

A y=v 0 yt+-af as 

-h=0-—f 

2 

(b) The only horizontal force acting on the object is that due to the 
wind, so X F x =F and the horizontal acceleration will be 




(c) With V 0x =0, the horizontal displacement the object undergoes 
while falling a vertical distance h is given by Ax =vjL a x F as 


Ax =0 +-\ — 




P5.18 


(d) The total acceleration of this object while it is falling will be 


a =^a] +a y 2 =y][F/mf +[-gf = J(F/mf +g 2 


For the same force F, acting on different masses F = ot 1 a 1 and F = m 2 a 2 . 
Setting these expressions for F equal to one another gives: 



(b) The acceleration of the combined object is found from 
F =(m 1 +m 2 )a =4 m x a 

or a =-^— =-(3.00 m/s 2 ) =10.750 m/s 2 1 
4m, 4' ' 1 - 1 
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P5.19 We use the particle under a net force model and add the forces as 
vectors. Then Newton's second law tells us the acceleration. 


(a) X F = Fj +F 2 =(20.0l +15 .o]) N 

Newton's second law gives, with m = 5.00 kg, 

a = ^- =(4.00i +3.00 j) m/s 2 
or | a =5.00 m/s 2 at 6 =36.9° | 

(b) In this configuration. 


F, 



A NS. FIG. P5.19 


F 2x =15.0 cos60.0° =7.50 N 
F 2y =15.0sin60.0° =13.0 N 

F 2 =(7.50! +13.0 j) N 

Then, 

XF =F= +F 2 =[20.0i +(7.50i +13.0 j)] N 
=(27.51 +13.0j) N 


and 


a = ^ =(5.50l +2.60j) m/s 2 =[&C 


! m/s 2 at 25.3° 


P5.20 (a) You and the Earth exert equal forces on each other: m y g = M E a E . If 

your mass is 70.0 kg. 


a E = 


(70.0 kg)(9.80 m/s 2 ; 

5.98 x 10 24 kg 


-IQ" 22 m/s 2 


[ 1 ] 


(b) You and the planet move for equal time intervals At according to 
Ax a(At) 2 . If the seat is 50.0 cm high. 



Ax e 


A 

a y 


Ax y 
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P5.21 


P5.22 


We substitute for — from [1] to obtain 
a y 

^ _ 70.0 kg(0.500 m) 

E 5.98 x 10 24 kg 

| Ax e ~ IQ- 23 m | 

(a) | 15.0 lb up, | to counterbalance the Earth's force on the block. 

(b) | 5.00 lb up, | the forces on the block are now the Earth pulling 

down with 15.0 lb and the rope pulling up with 10.0 lb. The forces 
from the floor and rope together balance the weight. 

(c) | 0, | the block now accelerates up away from the floor. 

X F =ma reads 

(-2.001 +2.00j +5.00I-3.00j-45.01) N =m(3.75 m/s 2 )a 
where a represents the direction of a 
(-42.0i-l.00j) N =m(3.75 m/s 2 )a 


X F =^(42.0) 2 +(l.00) 2 N at tan 1 j below the -x axis 

X F =42.0 N at 181° =m (3.75 m/s 2 )a 

For the vectors to be equal, their magnitudes and their directions must 
be equal. 

(a) Therefore I a is at 181° I counter-clockwise from the x axis 


(b) 


42.0 N 

m = -— T 

3.75 m/s 2 


11.2 kg | 


(c) v =| ®| =0 -Ha| t =(3.75 m/s 2 )(10.00 s) = |37.5 m/s| 
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* 


(d) v =V; -fj a| t =0+— t 
m 

(-42.0l-l.00j) N 


11.2 kg 


(10.0 s) =(—37.51 — 0.893j) m/s 


So, v f ■■ 


-37.5i-0.893j) m/s 


Choose the +x 
direction to be 
horizontal and 
forward with 
the +y vertical 
and upward. 
The common 


Trailer 
300 kg 


Car 

1 000 kg 


A NS. FIG. P5.23 


acceleration of the car and trailer then has components of 
a x =-12.15 m/s 2 and a y =0. 

(a) The net force on the car is horizontal and given by 

(£F x ) car =F-T =m cgr a x =(1000 kg)(2.15 m/s 2 ) 


— 2.15 xlO 3 N forward 



(b) The net force on the trailer is also horizontal and given by 
(IF,L» =# =« ={300 kg)(2.15 m/s 2 ) 

= | 645 N forward"] 


(c) Consider the free-body diagrams of the car and trailer. The only 
horizontal force acting on the trailer is T = 645 N forward, exerted 
on the trailer by the car. Newton's third law then states that the 
force the trailer exerts on the car is | 645 N toward the rear | . 


(d) The road exerts two forces on the car. These are F and n c shown 
in the free-body diagram of the car. From part (a), 

F =T +2.15 x 10 3 N =+2.80x 10 3 N. Also, 

& F y) car =n c~ F gc =m car a y =0,SO H c =F gc =IV cgr g =9.80 X 10 3 N. 
The resultant force exerted on the car by the road is then 

=Jf 2 +ii =V ( 2 - 8 OxlO 3 n) 2 +(9.80x10 3 n) 2 

=1.02xlO 4 N 
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at 6 =tan 1 =tan 1 (3.51) =74.1° above the horizontal and 

forward. Newton's third law then states that the resultant force 
exerted on the road by the car is 

| 1.02 x 10 4 N at 74.1° below the horizontal and rearward | . 
P5.24 V=V t - kx implies the acceleration is given by 


dv n . dx . 


Then the total force is 


X F =ma =m[-kv) 


The resistive force is opposite to the velocity: 


X F =-kmv 


Section 5.7 Analysis M odels Using Newton's Second Law 


P5.25 


As the worker through the pole 
exerts on the lake bottom a force of 
240 N downward at 35° behind the 
vertical, the lake bottom through 
the pole exerts a force of 240 N 
upward at 35° ahead of the 
vertical. With the x axis horizontally 
forward, the pole force on the boat is 



A NS. FIG. P5.25 


(240cos35°j +240sin35°i) N =(l38i +197j) N 


The gravitational force of the whole Earth on boat and worker is F g = 
mg = 370 kg (9.8 m/s 2 ) = 3 630 N down. The acceleration of the boat is 
purely horizontal, so 

£F y =ma y gives +B + 197 N - 3 630 N = 0 
(a) The buoyant force is B = | 3.43 xlO 3 N | . 
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P5.26 


(b) The acceleration is given by 

£F X =ma x : +138 N-47.5 N =(370 kg)a 


90.2 N n0/I „ 

a =-=0.244 

370 kg 


m/s 2 


According to the constant-acceleration model, 

v xf =v xi +a x t 

=0.857 m/s +(0.244 m/s 2 )(0.450 s) 
=0.967 m/s 

Sr f = |p.967i m/s] 


(a) The left-hand diagram in 
ANS. FIG. P5.26(a) shows 
the geometry of the situation 
and lets us find the angle of 
the string with the 
horizontal: 

cos0 = 28/35.7 = 0.784 



ANS. FIG. P5.26(a) 


or 0=38.3° 


The right-hand diagram in ANS. FIG. P5.26(a) is the free-body 
diagram. The weight of the bolt is 

w = mg = (0.065 kg)(9.80 m/s 2 ) = 0.637 N 

(b) To find the tension in the string, we apply Newton's second law 
in the x and y directions: 

Xf * =ma x :-T cos 38.3°+F magnefic =0 [1] 

V F. =ma y : +T sin 38.3°- 0.637 N =0 [2] 


from equation [2], 
0.637 N 


= | 1.03 N| 


sin 38.3 1 
(c) Now, from equation [1], 


^magnetic =Tcos38.3° =(l.03 N)cos38.3° = | 0.805 N to the right | 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 












218 The La ws of Motion 


P5.27 


P5.28 


(a) 


P cos 40.0°- n =0 and P sin 40.0°-220 N =0 
P =342 N and n =262 N 


(b) 


P-n cos 40.0°-220 N sin 40.0° =0 
and n sin 40.0°-220 N cos 40.0° =0 
n =262 N and P =342 N. 


(c) 


The results agree. The methods are basically of the same level 
of difficulty. Each involves one equation in one unknown and 
one equation in two unknowns. If we are interested in n 
without finding P, method (b) is simpler. 


(a) 


(b) 

(c) 

(d) 


Isolate either mass: 

T +mg =ma =0 

jn=N 

The scale reads the tension T, so 



T =mg =(5.00 kg)(9.80 m/s 2 ). -. 49.0 N f 

The solution to part (a) is also the solution 
to (b). 

Isolate the pulley: 
f 2 +2T, =0 


\ 49.0 N 

A NS. FIG. P5.28 
(a) and (b) 




T 2 =2|Tj| =2 mg = | 98.0 N | 

£F=n+T +mg=0 
Take the component along the incline, 
n x +T X +mg x =0 



T 1 | 1 I T 

A NS. FIG. P5.28(c) 


or 0 +7 -mg sin 30.0° =0 

T =mg sin 30.0 0 =^- 

_(5.00 kg)(9.80 m/s 2 ) 
~~ 2 



49.0 N 


= | 24.5 N | 


A NS. FIG. P 5.28(d) 
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*P5.29 


P5.30 


(a) The resultant external force acting on this system, consisting of all 
three blocks having a total mass of 6.0 kg, is 42 N directed 
horizontally toward the right. Thus, the acceleration produced is 

a =^~ = ^ ^ =17.0 m/s 2 horizontally to the right I 
m 6.0 kg I-----P_J 

(b) Draw a free-body diagram of the 3.0-kg block and apply 
Newton's second law to the horizontal forces acting on this block: 


£F X =ma x : 


42 N- T =(3.0 kg)(7.0 m/s 2 ) T = |21N| 

(c) The force accelerating the 2.0-kg block is the force exerted on it by 
the 1.0-kg block. Therefore, this force is given by 

F -ma =(2.0 kg)(7.0 m/s 2 ) =14 N 


or F = | 14 N horizontally to the right | 


(a) ANS. FIG. P5.30 shows the forces on the 
object. The two forces acting on the block are 
the normal force, n, and the weight, mg. If 
the block is considered to be a point mass 
and the x axis is chosen to be parallel to the 
plane, then the free-body diagram will be as 
shown in the figure to the right. The angle 
6 is the angle of inclination of the plane. 
Applying Newton's second law for the 
accelerating system (and taking the direction 
positive x direction), we have 



ANS. FIG. P5.30(a) 

up the plane as the 


£F y =n - mgcosO =0: n = mg cosh 


YjF x =-mg sin 6 =ma : a = -g sin# 


(b) When 6 =15.0°, 


a=[ -2.54 m/s 2 "] 
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(c) Starting from rest, 

=vf +2 a(x f -x j ) =2 aAx 

\v f \ =^/2|a|Ax =^21-2.54 m/s 2 1(2.00 m) = | 3.19 m/s | 

P5.31 We use Newton's second law with the forces in the x and y directions 
in equilibrium. 

(a) At the point where the bird is perched, the wire's midpoint, the 
forces acting on the wire are the tension forces and the force of 
gravity acting on the bird. These forces are shown in ANS. FIG. 
P5.31(a) below. 



ANS. FIG. P5.31(a) 


(b) The mass of the bird is m = 1.00 kg, so the force of gravity on the 
bird, its weight, is mg = (1.00 kg)(9.80 m/s 2 ) = 9.80 N. To calculate 
the angle a in the free-body diagram, we note that the base of the 
triangle is 25.0 m, so that 


tana 


0.200 m 

’ 25.0 m 


a =0.458° 


Each of the tension forces has x and y components given by 
T x =T cos a and T y =T sin a 


The x components of the two tension forces cancel out. In the y 
direction, 

F y =27 sina-mg =0 


which gives 


7 


mg _ 9.80 N 
2 sin a 2 sin 0.458° 


= |613N| 
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P5.32 To find the net force, we differentiate the equations for the position of 
the particle once with respect to time to obtain the velocity, and once 
again to obtain the acceleration: 


i/ x =^(se - 1) =10t, =^[3f +2) =9f 

dt dt K 1 y dt dt' 1 



= 10 , 



Then, at t = 2.00 s, a x = 10.0 m/s 2 , a y = 36.0 m/s 2 , and Newton's second 
law gives us 

£F X =ma x : 3.00 kg(10.0 m/s 2 ) = 30.0 N 


£F y =ma y : 3.00 kg(36.0 m/s 2 ) = 108 N 


1F=JF X 2 +F y 2 =| 112 N | 


P5.33 


From equilibrium of the sack: 

From 'ZFy =0 for the knot: 

T, sin 0, +T 2 sin d 2 =F g 
From 'ZF X =0 for the knot: 

T 1 cos6 1 =T 2 cos 6 2 

Eliminate T 2 by using T 2 =T 1 cos 0, / cos 0 2 
and solve for T,: 



ANS. FIG. P5.33 


T, = 


F n cos 6 2 


F a cos 0 2 


(sin 62 cos 0 2 +cos d 1 sin 0 2 ) sin(0, +0 2 ] 


T 3 =F = 325 N 


( cos 40.0 1 


T 1 = F a I - 

9 V sin 100.0 1 


25^N~| 

l=(253N)f^^ 
J \ cos 40.0 


=| 165 N | 
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P5.34 See the solution for T 1 in Problem 5.33. The equations indicate that the 
tension is directly proportional to F g . 

*P5.35 Let us call the forces exerted by each person F t and F 2 . Thus, for 
pulling in the same direction, Newton's second law becomes 

F 1 +F 2 =(200 kg)(l.52 m/s 2 ) 

or F 1 +F 2 =304 N [1] 

When pulling in opposite directions, 

F 1 -F 2 =(200 kg)(-0.518 m/s 2 ) 


or F 1 - F 2 =-104 N 


[ 2 ] 


Solving [1] and [2] simultaneously, we find 
Fj = | 100 N | and F 2 = | 204 N | 


*P5.36 (a) First construct a free-body 

diagram for the 5.00-kg mass as 
shown in the Figure 5.36a. Since 
the mass is in equilibrium, we 
can require T 3 - 49.0 N =0 or 
T 3 =49.0 N. Next, construct a 
free-body diagram for the knot 
as shown in ANS. FIG. P5.36(a). 

Again, since the system is 
moving at constant velocity, 
a = 0, and applying Newton's 
second law in component form 
gives 



ANS. FIG. 5.36(b) 


Y,F X =T 2 cos50.0°-T 1 cos 40.0° =0 
£F y =T 2 sin 50.0° +T 3 sin 40.0°- 49.0 N =0 

Solving the above equations simultaneously for T 2 and T 2 gives 
| T 2 =31.5 N | and | T 2 =37.5 N | and above we found 
| T 3 =49.0 N]. 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 













Chapter 5 223 


(b) Proceed as in part (a) and construct a free-body diagram for the 
mass and for the knot as shown in ANS. FIG. P5.36(b). Applying 
Newton's second law in each case (for a constant-velocity 
system), we find: 

T 3 - 98.0 N =0 
T 2 -Tj cos 60.0° =0 
sin 60.0 °-T 3 =0 

Solving this set of equations we find: 

| T, =113 N, | | T 2 =56.6 N, | and | T 3 =98.0 N | 

P5.37 Choose a coordinate system with i East and j 
North. The acceleration is 

a =[(10.0 cos 30.0°)I +(10.0 sin 30.0°)j] m/s 2 
=(8.66l +5.00j) m/s 2 
From Newton's second law, 

IF =ma=(1.00 kg)(8.66i m/s 2 +5.00 j m/s 2 ) 

=(8.66i +5.00j) N 

and IF =F 1 +F 2 
So the force we want is 

Fj =IF- F 2 =(8.66! +5.00j - 5.00j) N 
=8.66i N = |8.66 N east] 

P5.38 (a) Assuming frictionless pulleys, the 

tension is uniform through the entire 
length of the rope. Thus, the tension at 
the point where the rope attaches to the 
leg is the same as that at the 8.00-kg 
block. ANS. FIG. P5.38(a) gives a free- 
body diagram of the suspended block. 

Recognizing that the block has zero 
acceleration, Newton's second law 
gives 

lF y =T-mg =0 

to a publicly accessible website, in whole or in part. 


r 

8.00 kg 

(a) (b) 

ANS. FIG.P5.38 




ANS. FIG. P5.37 
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or 


T =mg =(8.00 kg)(9.80 m/s 2 ) = |78.4N| 

(b) ANS. FIG. P5.38(b) gives a free-body diagram of the pulley near 
the foot. Here, F is the magnitude of the force the foot exerts on 
the pulley. By Newton's third law, this is the same as the 
magnitude of the force the pulley exerts on the foot. Applying the 
second law gives 

X F x =T +T cos70.0°-F =ma x =0 


or 


F =7(1 +cos70.0°) =(78.4 N)(l +cos70.0°) = |105 N| 


*P5.39 (a) Assume the car and mass accelerate 

horizontally. We consider the forces 
on the suspended object. 

£F y =ma y : -FT cos 6-mg =0 
XF x =ma x : 47 sin 0 =ma 

Substitute! = from the first 
cos 0 

equation into the second, 
mo sin 0 

—-=mg tan 0 =ma 



|mg 


x 


ANS. FIG.P5.39 


P5.40 


| a=gtand~\ 

(b) a=( 9.80 m/s 2 )tan23.0° = ph!6 m/s 2 

(a) The forces on the objects are shown 
in ANS. FIG. P5.40. 

(b) and (c) First, consider m i, the block 

moving along the horizontal. The 
only force in the direction of 
movement is T. Thus, 



iT j+y 


ANS. FIG.P5.40 


ZF X =ma 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 













Chapter 5 225 


or T = (5.00 kg)fl [1] 

Next consider mi, the block that moves vertically. The forces on it 
are the tension T and its weight, 88.2 N. 

We have ^F y =ma: 

88.2 N-T= (9.00 kg)fl [2] 

Note that both blocks must have the same magnitude of 
acceleration. Equations [1] and [2] can be added to give 88.2 N = 
(14.0 kg)fl. Then 

| a =6.30 m/s 2 and T =31.5 N | 

P5.41 (a) and (b) The slope of the graph of upward velocity versus time is the 

acceleration of the person's body. At both time 0 and time 0.5 s, 
this slope is (18 cm/s)/0.6 s = 30 cm/s 2 . 

For the person's body, 

XF y =ma y : 

+F bar -(64.0 kg)(9.80 m/s 2 ) =(64.0 kg)(o.3 m/s 2 ) 

Note that there is no floor touching the person to exert a normal 
force, and that he does not exert any extra force "on himself." 
Solving, F bar =| 646 N upj 

(c) a y = slope of v y versus t graph = 0 at t = 1.1 s. The person is 
moving with maximum speed and is momentarily in equilibrium: 

I F y =ma y : 

+F„„-(64.0kg)(9.80m/s 2 )=0 

F„„ = | 627Nu P| 

(d) a y = slope of v y versus t graph = (0 - 24 cm/s)/(1.7 s -1.3 s) = 

-60 cm/s 2 

£F y =ma y : 

+F bar -(64.0 kg)(9.80 m/s 2 ) =(64.0 kg)(-0.6 m/s 2 ) 

F bar = | 589 N up | 
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P5.42 m 1 = 2.00 kg, m 2 = 6.00 kg, 0 = 55.0° 

(a) The forces on the objects are 
shown in ANS. FIG. P5.42. 

(b) £F X =m 2 gsmQ-T =m 2 a and 
T - m y g =m 1 a 



_ m 2 gsrnd-m 1 g 
m 1 +m 2 

_(6.00 kg)(9.80 m/s 2 )sin55.0°-(2.00 kg)(9.80 m/s 2 , 
2.00 kg +6.00 kg 

= |~3J57 m/s 2 | 

(c) T =m,(a+g) =(2.00 kg)(3.57 m/s 2 +9.80 m/s 2 ) = |26.7N| 


(d) Since v i =0 , v f =at =(3.57 m/s 2 )(2.00 s) = | 7.14 m/s | . 

P5.43 (a) Free-body diagrams of the two blocks | y, f T 2 

are shown in ANS. FIG. P5.43. Note 


that each block experiences a 

Upper Block 


Lower Block 

downward gravitational force 

m = 3.50 kg 


m = 3.50 kg 


F g =(3.50 kg)( 9 .80 m/s 2 ) =34.3 N yJ W 


Also, each has the same upward A N S. FI G. P5.43 

acceleration as the elevator, in this case 
a y = +1.60 m/s 2 . 

Applying Newton's second law to the lower block: 

ZF y =ma y => T 2 -F g =ma y 


or 

T 2 =F g +ma y =34.3 N +(3.50 kg)(l.60 m/s 2 ) = ^+9N] 
Next, applying Newton's second law to the upper block: 

X F y =ma y => T 1 -T 2 - F g =ma y 

or 

T 1 =T 2 +F g +ma y =39.9 N +34.3 N +(3.50 kg)(l.60 m/s 2 ) 
= \79. 8~N] 
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(b) Note that the tension is greater in the upper string, and this string 
will break first as the acceleration of the system increases. Thus, 
we wish to find the value of a when T } = 85.0. Making use of the 
general relationships derived in (a) above gives: 

7"l =T 2 +F g +md y = [ F g +ma y ) +F g +md y =2F g +2/T»a y 


or 


P5.44 


_ Ty~2F g _85.0 N- 2(34.3 N) 
2m 2(3.50 kg) 


= 2.34 m/s 2 


(a) Free-body diagrams of the two blocks 
are shown in ANS. FIG. P5.44. Note 
that each block experiences a 
downward gravitational force F g = mg. 

Also, each has the same upward 
acceleration as the elevator, a y = +a. 




Upper Block 
mass = m 

A 




Lower Block 
mass = m 


ANS. FIG.P5.44 


Applying Newton's second law to the 
lower block: 


XF y =ma y => T 2 -F g =ma y 


or T 2 =mg +ma = | m(g +a)j 

Next, applying Newton's second law to the upper block: 

X F y =ma y => T 1 -T 2 -F g =ma y 


or 


T 1 =T 2 +F g +ma y =(mg +ma) +mg +ma =l[mg +ma) 

= |2 m(g +a)| =2T 2 

(b) Note that |T X =27~ 2 , so the upper string breaks first] as the 
acceleration of the system increases. 

(c) When the upper string breaks, both blocks will be in free fall with 
a = -g. Then, using the results of part (a), T 2 = m (g + a) = m (g - g) 
= 0 and T 1 = 2T 2 = 0. 
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P5.45 


Forces acting on m 1 = 2.00-kg block: 

T - m x g = m x a 

Forces acting on m 2 = 8.00-kg block: 
F x -T = mg 

(a) Eliminate T and solve for a: 

F -nr a 

a-m x - 1 

m x +m 2 

| a > 0 for F x > n^g = 19.6 N | 

(b) Eliminate a and solve for T: 





a (m/s 2 )j . : 

Note that 

15 


slope changes 

10 • 


at F*=-78.4 N 

:5 


j | 


i : J^rF x (N) 




-loo : :-50 

<3 

: : so : ioo 


-10 



15 



A NS. FIG. P5.45 


T 


m 1 

m 1 +m 2 


(F x +m 2 g) 


| T =0 for F x < -m 2 g =-78.4 N | 


Note that if F x < -mg, the cord is loose, so mass m 2 is in free fall 
and mass m x accelerates under the action of F x only. 


(c) See ANS. FIG. P5.45. 


F x , N -100 -78.4 -50.0 0 50.0 100 

a x , m/s 2 -12.5 -9.80 -6.96 -1.96 3.04 8.04 


P5.46 


(a) Pulley P 2 has acceleration a v 

Since m 2 moves twice the distance P 2 moves 
in the same time, m 2 has twice the 
acceleration of P 2 , i.e., | ^ =2^ j . 

(b) From the figure, and using 



t'«lg 

ANS. FIG.P5.46 


XF =ma: m 1 g-T 1 =m 1 a 1 [1] 

T 2 =m 2 a 2 =lm 2 a x \2\ 

T t -2T 2 =0 [31 
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*P5.47 


*P5.48 


Equation [1] becomes m^g - 2 T 2 = m^a r This equation combined 
with equation [2] yields 


R 

m 2 


2 m 2 +-f 


=m i9 


T m x m 2 

and 

m 1 m 2 

2 2 m 2 +jm 1 9 

2 m 2 +^m 1 ^ 


(c) From the values of T 2 and T v we find that 



mi9 

lm 2 +^m 1 


and a, =—a 2 


4 m 2 +m 1 


We use the particle under constant 
acceleration and particle under a net force 
models. Newton's law applies for each 
axis. After it leaves your hand, the block's 
speed changes only because of one 
component of its weight: 

£F X =ma x 
-mg sin 20.0° =ma 

i 4 =vf +2 a(x r -Xi) 

Taking V f =0, =5.00 m/s, and 

a=-gsin(20.0°) gives, suppressing units. 



A NS. FIG. P5.47 


0 =(5.00 Y - 2(9.80)sin(20.0°)(x f - o) 


or 


25.0 


2(9.80)sin(20.0°) 


=| 3.73 r 


We assume the vertical bar is in 
compression, pushing up on the pin 
with force A, and the tilted bar is in 
tension, exerting force B on the pin 
at -50.0°. 



ANS. FIG. P5.48 
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1F X = 0 : 

-2 500 Ncos30° +Bc os50° =0 
[~6 =3.37x 10 3 N] 

I F y =0: 

-2 500 N sin 30°+A-3.37 x10 s N sin50°=0 
[A =3.83 x 10 s n| 

Positive answers confirm that 


| 5 is in tension and A is in compression. | 


P5.49 Since it has a larger mass, we expect the 
8 .00-kg block to move down the plane. 

The acceleration for both blocks should 
have the same magnitude since they are 
joined together by a non-stretching 
string. Define up the left-hand plane as A N S. FI G. P5.49 
positive for the 3.50-kg object and down 
the right-hand plane as positive for the 8.00-kg object. 

'ZF 1 =m 1 a 1 : -m 1 gsm35.0°+T =171^ 

£F 2 =m 2 a 2 : m 2 g sin 35.0°- T =m 2 a 

and, suppressing units, 

-(3.50)(9.80)sin35.0° +T =3.50 a 
(8.00)(9.80)sin35.0°-7 =8.00a. 

Adding, we obtain 445.0 N -19.7 N =(ll.5 kg)a 


(a) Thus the acceleration is a =2.20 m/s 2 . By substitution. 


-19.7 N +T =(3.50 kg)(2.20 m/s 2 ) =7.70 N 
(b) The tension is | T =27.4 N | 
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P5.50 


P5.51 


Both blocks move with acceleration 



9 - 


\ 7 kg - 2 kg 




.80 m/s 2 ) =5.44 m/s 2 


V 7 kg +2 kg J 
(a) Take the upward direction as positive for m v 

'£='4+2 a x (y f -y,) 

0 =(-2.4 m/s) 2 + 2 ( 5.44 m/s 2 )(y f - 0 ) 

5.76 m 2 /s 2 

y f =—7 -=-0.529 m 

2(5.44 m/s 2 ) 

y f = | 0.529 m below its initial level | 


(b) Vyf =V yi +ayt: Vyf =-2.40 m/s +(5.44 m/s 2 )(l.80 s) 
Vyf = | 7.40 m/s upward"] 


We draw a force diagram and apply Newton's 
second law for each part of the elevator trip to find 
the scale force. The acceleration can be found from 
the change in speed divided by the elapsed time. 

Consider the force diagram of the man shown as 
two arrows. The force F is the upward force exerted 
on the man by the scale, and his weight is 

F g = mg = (72.0 kg) (9.80 m/s 2 ) = 706 N 



With +y defined to be upwards, Newton's 
second law gives 


ANS. FIG. P5.51 


lF y =FF s -F g =ma 

Thus, we calculate the upward scale force to be 


F s =706 N +(72.0 kg)a [1] 

where a is the acceleration the man experiences as the elevator changes 
speed. 
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(a) Before the elevator starts moving, the elevator's acceleration is 
zero (a = 0). Therefore, equation [1] gives the force exerted by the 
scale on the man as 706 N upward, and the man exerts a 
downward force of | 706 N | on the scale. 


(b) During the first 0.800 s of motion, the man accelerates at a rate of 


a x 


Av 

At 


1.20 m/s - 0 
0.800 s 


= 1.50 m/s 2 


Substituting a into equation [1] then gives 


F = 706 N + (72.0 kg)(1.50 m/s 2 ) = | 814 N | 


(c) 


While the elevator is traveling upward at constant speed, the 
acceleration is zero and equation [1] again gives a scale force 


F =| 706 N |. 


(d) During the last 1.50 s, the elevator first has an upward velocity of 
1.20 m/s, and then comes to rest with an acceleration of 


a 


Av 

At 


0-1.20 m/s 
L50s 


= -0.800 m/s 2 


Thus, the force of the man on the scale is 

F = 706 N + (72.0 kg)(-0.800 m/s 2 ) = | 648 N 


Section 5.8 Forces of Friction 

*P5.52 If the load is on the point of sliding 
forward on the bed of the slowing 
truck, static friction acts backward 
on the load with its maximum value, 
to give it the same acceleration as the 
truck: 


TV 


ANS. FIG.P5.52 


XF x =ma x : -f s =m load a x 
ZF y =ma y : n-m load g= 0 
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Solving for the normal force and substituting into the x equation gives: 


-Vs m ioad9 = m i oa d a x or a x =-p s g 
We can then use 

v 1 xf = v 1 xj +2a x (x f -x j ) 


Which becomes 


(a) 


0=vj d +2(-n s g)(x f -0) 

,^= (12.0 m/s) 2 _ = 

2p s g 2(0.500)(9.80 m/s 2 ) 1 -— 


(b) 


From the expression 


x 


j4_ 

2iU s gf' 


neither mass affects the answer 


P5.53 Using m = 12.0 x 10” 3 kg, = 260 m/s, v f = 0, Ax = (x f - x) = 0.230 m, 
and v* = vf + 2 a{x f - x ; ), we find the acceleration of the bullet: 
a = -1.47 x 10 5 m/s 2 . Newton's second law then gives 

=ma x 


f k = ma= -1.76 x 10 5 N 

The (kinetic) friction force is |l.76 x 10 5 N in the negative X direction | . 

P5.54 We apply Newton's second law to the car to determine the maximum 
static friction force acting on the car: 


XF y = ma y : +n-mg = 0 

f s <p s n = p s mg 


This maximum magnitude of static friction acts so long as the tires roll 
without skidding. 

XF x =ma x ->-f s =ma 
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P5.55 


The maximum acceleration is 

a=-IJ s g 

The initial and final conditions are: x { = 0, v i = 50.0 mi/h = 22.4 m/s, 
and v f = 0. Then, 

vf =vf +2a(x f -x,)-> vf =2 n s gx f 
vf 

’2)U s g 


(a) x f = 


(22.4 m/s) 2 


(b) x f 


f 2(0.100)(9.80 m/s 2 ! 

vf 


2 iJ s g 


(22.4 m/s) 2 


f 2(0.600)(9.80 


42.7 m 


For equilibrium:/= F and n = F g . Also, f =jun, i.e., 

f F 




n F _ 


In parts (a) and (b), we replace F with the 
magnitude of the applied force and with the 
appropriate coefficient of friction. 

(a) The coefficient of static friction is found from 

_ F _ 75.0 N _| „ | 

F g (25.0 kg)(9.80 m/s 2 ) ^ ^ 

(b) The coefficient of kinetic friction is found from 

' k F g (25.0 kg)(9.80 m/s 2 ) ^^ 


ANS. FIG. P5.55 
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P5.56 Find the acceleration of the car, which is the same as the acceleration of 
the book because the book does not slide. 

For the car: = 72.0 km/h = 20.0 m/s, v f = 0, Ax = (x f - xf) = 30.0 m. 
Using vf = vf + 2a (x f - xf), we find the acceleration of the car: 

a = -6.67 m/s 2 

Now, find the maximum acceleration that friction can provide. Because 
the book does not slide, static friction provides the force that slows 
down the book. We have the coefficient of static friction, p = 0.550, and 
we know/ s < pn. The book is on a horizontal seat, so friction acts in the 
horizontal direction, and the vertical normal force that the seat exerts 
on the book is equal in magnitude to the force of gravity on the book: 
n = F g = mg. For maximum acceleration, the static friction force will be 
a maximum, so f s = pn = pmg. Applying Newton's second law, we 
find the acceleration that friction can provide for the book: 


£F X =ma x : 


-f s = ma 


-pmg = ma 


which gives a = -pg = -(0.550)(9.80 m/s 2 ) = -5.39 m/s 2 , which is 
too small for the stated conditions. 


The situation is impossible because maximum static friction 
cannot provide the acceleration necessary to keep the book 
stationary on the seat. 


P5.57 The x and y components of Newton's second law as the eraser begins 
to slip are 

- f +mgsmd =0 and -Hi-mgcosG =0 
with f =p 5 n or p k n, these equations yield 
p s = tan0 c = tan 36.0° = | 0.727 | 
p k =tan0 c =tan30.0° = | 0.577 | 
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P5.58 


We assume that all the weight is on the rear wheels of the car. 
(a) We find the record time from 

F = ma: fjjng = ma or a = /ug 
But 


Ax 


2 2 


so 


A4 


2 Ax 

g? 


A4 


2(0.250 mi)(l 609 m/mi) 
(9.80 m/s 2 )(4.43 s) 2 


=^U8] 


(b) 


Time would increase, as the wheels would skid and only kinetic 
friction would act; or perhaps the car would flip over. 


P5.59 Maximum static friction provides the force that produces maximum 
acceleration, resulting in a minimum time interval to accelerate 
through Ax = 3.00 m. We know that the maximum force of static 
friction is/ s = fgn. If the shoe is on a horizontal surface, friction acts in 
the horizontal direction. Assuming that the vertical normal force is 
maximal, equal in magnitude to the force of gravity on the person, we 
have n = F g = mg ; therefore, the maximum static friction force is 

f s = U n = H m S 

Applying Newton's second law: 

XF x =ma x : 


f s = ma 

IJ s mg =ma -> a -fj s g 

We find the time interval At = t to accelerate from rest through Ax= 
3.00 musing x f =x ( +v xi t+^a x f: 
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P5.60 


(a) 

(b) 

(a) 


For p s = 0.500, A t= |l.ll s| 


For n = 0.800, A t= 10.875 j}. 

See the free-body diagram of the suitcase in 
ANS. FIG. P5.60(a). 


'L 


F 


(b) w suitcase = 20.0 kg, F = 35.0 N 

=ma x : -20.0 N +F cos 6 =0 
2,F y =ma y : -Hi +F sinO- F g =0 


Fcos6 =20.0 N 
„ 20.0 N 


6 =55.2° 


ANS. FIG. P5.60(a) 


(c) With F g = (20.0 kg)(9.80 m/s 2 ), 

n=F g -Fskid =[l96 N-(35.0 N)(0.82l)] 
\~n =167 N | 


P5.61 We are given: m = 3.00 kg, 6 = 30.0°, x = 2.00 m, 
t = 1.50 s 

(a) At constant acceleration. 


x f =vt F^at 2 

ANS. FIG.P5.61 

Solving, 

2(x, - v,t) 2(2.00 m - 0) _ L TOm/ . 2 | 
a -?- (1.50 s) 2 ~l 1 - 78m/s l 



From the acceleration, we can calculate the friction force, answer (c), 
next. 


(c) Take the positive x axis down parallel to the incline, in the 
direction of the acceleration. We apply Newton's second law: 


XF x =mg sin G- f =ma 
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Solving, /= m(g sin 6-a) 

Substituting, 

f= (3.00 kg)[(9.80 m/s 2 )sin 30.0° - 1.78 m/s 2 ] = |9.37N| 

(b) Applying Newton's law in the y direction (perpendicular to the 
incline), we have no burrowing-in or taking-off motion. Then the 
y component of acceleration is zero: 

£F y =n-mg cos 0 =0 
Thus n = mg cos 0 

Because /= jiyi 

f 9.37 N | | 

we ave 14 - mg cos 0 _ ( 3 . 00 kg)(9.80 m/s 2 )cos 30.0° ^ 

(d) v f =Vi+st so v f =0 +(1.78 m/s 2 )(1.50 s) = |2.67 m/s| 

*P5.62 The free-body diagrams for this problem are shown in ANS. FIG. 

P5.62. 


b/ 

-H/ 



Aground =F g /2 =85.0 lb 

‘”tip 

*.22.0° 

22.0/* 

y F i 

/ 


-+x ) 



F=45 ' 8 %y 



Free-Body Diagram Free-Body Diagram 

of Person of Crutch Tip 

ANS. FIG. P5.62 

From the free-body diagram for the person, 

2,F X =^1 sin (22.0°) -F 2 sin (22.0°) =0 

which gives F 1 =F 2 =F. Then, ^F y =2Fcos22.0°+85.0 lbs-170 lbs =0 
yields F = 45.8 lb. 
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(a) Now consider the free-body diagram of a crutch tip. 
J J F x = f - (45.8 lb)sin22.0° =0 


or/= 17.2 lb. 

XF y =n tip - (45.8 lb)cos22.0° =0 
which gives n tip =42.5 lb. 


For minimum coefficient of friction, the crutch tip will be on the 
verge of slipping, so f =( f s ) max =£f/) tip and 


A4 = 


f 

n ti P 


17.2 1b 
42.51b 


= | 0.404 | 


(b) As found above, the compression force in each crutch is 
F 1 =F 2 =F = | 45.8 lb | 

P5.63 Newton's second law for the 5.00-kg mass gives 
T -f k = (5.00 kg)fl 
Similarly, for the 9.00-kg mass, 

(9.00 kg)# - T = (9.00 kg )a 
Adding these two equations gives: 

(9.00 kg)(9.80 m/s 2 ) 


-0.200(5.00 kg)(9.80 m/s 2 ) 

=(l4.0 kg )a 

Which yields a = 5.60 m/s 2 . Plugging this into 
the first equation above gives 


5.00 kg 

13 = 


It |J 

▼Mg 

A NS. FIG. P5.63 


T =(5.00 kg)( 5 .60 m/s 2 ) +0.200(5.00 kg)( 9 .80 m/s 2 ) = |37.8N| 
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P5.64 


The free-body diagrams for each object 

t» 


appear on the right. 



Let a represent the positive magnitude of T\ 2 


72 3| 

the acceleration -aj of m„ of the 

/ 


acceleration -ai of m 2 , and of the 

1 


acceleration +aj of m 3 . Call T 12 the 

1 "'2# 


tension in the left cord and T 23 the tension 
in the cord on the right. 

For m v YF y =ma y : 

-tT 12 -m 1 g =-17)-, a 

For m 2 , YF X =ma x : 

-T 12 +w +T 23 =-m 2 a 

and YF y =ma y/ giving n-m 2 g =0. 

For m 3 , YF y =ma y , giving T 23 -m 3 g —-hm 3 a. 

We have three simultaneous equations: 

-T 12 +39.2 N =(4.00 kg)a 
+T 12 -0.350(9.80 N)-T 23 =(l.00 kg)a 
+T 23 -19.6 N =(2.00 kg)a 

Add them up (this cancels out the tensions): 
339.2 N- 3.43 N-19.6 N =(7.00 kg)a 


A NS. FIG. P5.64(a) 


a = | 2.31 m/s 2 , down for m 1 , left for m 2 , and up for m 3 | 
(c) Now -T 12 +39.2 N =(4.00 kg)(2.31 m/s 2 ) 

\1\ 2 =30.0 N | 

and T 23 - 19.6 N =(2.00 kg)(2.31 m/s3 
ff a =24.2 N 
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(d) If the tabletop were smooth, friction disappears (p k = 0), and so 
the acceleration would become larger. For a larger acceleration, 
according to the equations above, the tensions change: 

T 12 =m 1 g-m : a —> |7~ 12 decreases] 

T 23 =m 3 g +m 3 a —» |7~ 23 increases| 

P5.65 Because the cord has constant length, 
both blocks move the same number 
of centimeters in each second and so 
move with the same acceleration. To 
find just this acceleration, we could 
model the 30-kg system as a particle 
under a net force. That method 
would not help to finding the tension, 
so we treat the two blocks as separate 
accelerating particles. 

(a) ANS. FIG. P5.65 shows the tree-body diagrams for the two blocks. 
The tension force exerted by block 1 on block 2 is the same size as 
the tension force exerted by object 2 on object 1. The tension in a 
light string is a constant along its length, and tells how strongly 
the string pulls on objects at both ends. 

(b) We use the tree-body diagrams to apply Newton's second law. 

For m{. X F x =T-f 1 =m 1 a or T =m 1 a + f 1 [1] 

And also 'LF y =n 1 -m 1 9=0 or n 1 =m 1 g 

Also, the definition of the coefficient of friction gives 
f r = pn = (0.100)(12.0 kg) (9.80 m/s 2 ) = 11.8 N 
For7« 2 : ]TF X =F -T - f 2 =ma [2] 

Also from the y component, n 2 -m 2 g =0 or n 2 =m 2 g 
And again f 2 = pn 2 = (0.100)(18.0 kg)(9.80 m/s 2 ) = 17.6 N 
Substituting T from equation [1] into [2], we get 
F - m y a - f x - f 2 =m 2 a or F - f x - f 2 =m 2 a 



ni]g = 118 N ni2g = 176 N 

ANS. FIG.P5.65 
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P5.66 


Solving for a, 


_F-f l -f 2 _ (68.0 N -11.8 N-17.6 N) 
a m 1 +m 2 (12.0 kg+18.0 kg) 


1.29 m/s 2 


(c) From equation [1], 

T = m.a +/ x = (12.0 kg)(1.29 m/s 2 ) + 11.8 N = |27.2N| 


(a) To find the maximum possible value of P, 
imagine impending upward motion as 
case 1. Setting X F x =0: 

P cos 50.0°-n =0 



with f s max =)U/): 

f S , max = P S P COS 50.0° 

= 0.250(0.643) P = 0.161P 
Setting =0: 

Psin50.0°-0.161P 

-(3.00 kg)(9.80 m/s 2 ) =0 
p^tA [48.6 Ht 


t A -"" 



A NS. FIG. P5.66 


To find the minimum possible value of P, consider impending 
downward motion. As in case 1, 

f S/ max =0.161P 


Setting 'ZFy =0: 


Psin50.0° +0.161P- (3.00 kg)(9.80 m/s 2 ) =0 
p =|31.7N| 


If P > 48.6 N, the block slides up the wall. If P < 31.7 N, the block 
slides down the wall. 
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(c) We repeat the calculation as in part (a) with the new angle. 
Consider impending upward motion as case 1. Setting 

XF x = 0: Pcosl3°-n =0 

f s max = )U/): f s max = p s P cos 13 0 

=0.250(0.974)P =0.244P 


Setting 

£F y =0: Psinl3°-0.244P-(3.00 kg)(9.80 m/s 2 ) =0 
p max =_i 580 N 

The push cannot really be negative. However large or small it is, 
it cannot produce upward motion. To find the minimum possible 
value of P, consider impending downward motion. As in case 1, 

f S/ max =0-244P 

Setting 

£F y =0: Psin 13° +0.244P-(3.00 kg)(9.80 m/s 2 ) =0 
P^ = | 62.7 N | 


P > 62.7 N. The block cannot slide up the wall. If P <62.7 N, the 
block slides down the wall. 


P5.67 


We must consider separately the rock when it is 
in contact with the roof and when it has gone 
over the top into free fall. In the first case, we take 
x and y as parallel and perpendicular to the 
surface of the roof: 

'ZFy =ma y : -M-mgcos0=O 

n = mg cos d 



A NS. FIG.P5.67 


then friction is f k =p k n =p k mg cos 0 


X F x =ma x : - 4 - mg sin 0 =ma x 
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a x =-/J k gcos6- gsin0 =(-0.400cos37.0°-sin37.0°)(9.80 m/s 2 ) 
=-9.03 m/s 2 

The rock goes ballistic with speed given by 

=\f xi +2a x [x f -x i ) =(l5 m/s) 2 +2(-9.03 m/s 2 )(l0 m-0) 
=44.4 m 2 /s 2 
Vrf =6.67 m/s 


For the free fall, we take x and y horizontal and vertical: 


\Z yf =v z yi +2a y (y f -y i ) 


y f 


vjf-vji 

2a y 


0- (6.67 m/s sin37 0 ) 2 
2(-9.8 m/s 2 ) 


=0.822 m above the top of the roof 


Then y tot =10.0 m sin 37.0°+0.822 m = |6.84 m| . 


P5.68 The motion of the salmon as it breaks the surface of the water and 
eventually leaves must be modeled in two steps. The first is over a 
distance of 0.750 m, until half of the salmon is above the surface, while 
a constant force, P, is applied upward. In this motion, the initial 
velocity of the salmon as it nears the surface is 3.58 m/s and ends with 
the salmon having a velocity, v w when it is half out of the water. This 
is then the initial velocity for the second motion, where gravity is a 
second force to be considered acting on the fish. This motion is again 
over a distance of 0.750 m, and results with the salmon having a final 
velocity of 6.26 m/s. 

The vertical motion equations, in each case, would be 


yxyf-^yi . 

vj 2 - (3.58 m/s) 2 

_vf /2 -(l2.8 m 2 /s 2 ) 

2 Ay 

2 (0.750 m) 

1.50 m 

Ayf-^yi . 

(6.26 m/s) 2 - vf /2 

_(39.2 m 2 /s 2 )-vj 2 

2 Ay 

2 (0.750 m) 

1.50 m 
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Solving for the square of the velocity in each case and equating the 
expressions, we find 

\/y 2 =(l.50 m)^+(l2.8 m 2 /s 2 ) 

vf /2 =(39.2 m 2 /s 2 )-(l.50m)^ y 

(1.50 m)^ y +(l2.8 m 2 /s 2 ) =(39.2 m 2 /s 2 )-(l.50m )a ly 
a ly =(l7.6 m/s 2 )-a Zy 

In the first motion, the relationship between the net acceleration and 
the net force can be written as 

lF y =P =ma ly 
P =(61.0kg)a„ 

Substituting from above, 

P =(61.0 kg)[(l7.6 m/s 2 )-^ y ] 

P= 1 070 N-(61.0 kg)a, y 

In the second motion, the relationship between the net acceleration and 
the net force can be written as 

ZF y =P -mg =ma 2y 

P =mg+ma 2y =(61.0 kg)(9.80 m/s 2 )+(61.0 kg)a 2y 
P =598 N +(61.0 kg)a 2y 

Equating these two equations for, P, 

1 070 N-(61.0 kg)a, y =598 N+(61.0 kg)a, y 
-(122.0 kg )a ly =-472 N 
a 2y =3.87 m/s 2 

Plugging into either of the above, 

P =598 N +(61.0 kg)(3.87 m/s 2 ) 

P = | 834 N | 
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P5.69 Take +x in the direction of motion of the tablecloth. For the mug: 

J J F x =ma x : 0.1 N =0.2 kg a x 
a x =0.5 m/s 2 

Relative to the tablecloth, the acceleration of the mug is 0.500 m/s 2 - 
3.00 m/s 2 = -2.50 m/s 2 . The mug reaches the edge of the tablecloth 
after time given by 

Ax=v xi t+-a x tr 

2 

-0.300 m =0 +|(-2.50 m/s 2 )! 2 
t =0.490 s 

The motion of the mug relative to tabletop is over distance 
=^(0.500 m/s 2 )(0.490 s) 2 = | 0.060 0 m | 

The tablecloth slides 36 cm over the table in this process. 

*P5.70 (a) The free-body diagrams are shown in the figure below. 



ANS. FIG. P5.70(a) 

fi and Wi appear in both diagrams as action-reaction pairs. 

(b) For the 5.00-kg mass, Newton's second law in the y direction 
gives: 

n 1 =171^ =(5.00 kg)(9.80 m/s 2 ) =49.0 N 
In the x direction, 

/ - T =0 
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T = f x =pmg =0.200(5.00 kg)(9.80 m/s 2 ) =^80^ 

For the 10.0-kg mass, Newton's second law in the x direction 
gives: 

45.0 N- f x - f 2 =(l0.0 kg)a 
In the y direction, 

n 2 -n 1 -98.0N=0 

f 2 =pn 2 =p[n 1 +98.0 N) =0.20(49.0 N +98.0 N) =29.4 N 

45.0 N- 9.80 N-29.4 N =(l0.0 kg)a 
a= fo,580m/s 2 | 

*P5.71 For the right-hand block (mi), =^3 

gives 

-/TijgsinSS.O 0 - f kl +T =m 1 a 
or 

-(3.50 kg)(9.80 m/s 2 )sin35.0° 

-p s (3.50 kg)(9.80 m/s 2 )cos35.0 ° + T 

= (3.50 kg)(l.50 m/s 2 ) [1] 

For the left-hand block (m 2 ), ^F 2 =m 2 a gives 
+n 2 gsin35.0°- f k/2 - T =m 2 a 

+(8.00 kg)(9.80 m/s 2 ) sin 35.0°- 
p s (8.00 kg)(9.80 m/s 2 )cos35.0°-T =(8.00 kg)(l.50 m/s 2 ) [2] 

Solving equations [1] and [2] simultaneously gives 

(a) | A4 =0-087 1 | 

(b) ' jpr =27.4 Wj 



ANS. FIG. P5.71 
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Additional Problems 


P5.72 (a) Choose the black glider plus magnet as the system. 

XF x =ma x -> -(0.823 N =(o.24 kg)a 

a = |3.43 m/s 2 toward the scrap iron] 

(b) The force of attraction the magnet exerts on the scrap iron is the 
same as in (a): 

a b]ack = 13.43 m/s 2 toward the scrap iron| 

By Newton's third law, the force the black glider exerts on the 
magnet is equal and opposite to the force exerted on the scrap 
iron: 


XF x =ma x -> -0.823 N =-(o.!2 kg) a 


a = |-6.86 m/s 2 toward the magnet | 

P5.73 Let situation 1 be the original situation, with 

XFj =m,a, =171, (8.40 mi/h • s). Let situation 2 be the case with larger 
force XF 2 =(l+0.24)XF 1 =m 1 a 2 =1.24m 1 a 1 , so a 1 =1.24a,. Let situation 
3 be the case with the original force but with smaller mass: 


=Z/ : i =m 3 a 3 =(1-0.24 )m x a 3 

a 3 = ^ Fl =1.32 a 1 
3 0.76m, 1 


(a) With 1.32 a greater than 1.24^, | reducing the mass~[ gives a 
larger increase in acceleration. 

(b) Now with both changes, 

IF 4 =m 4 a 4 


1.24 XFj =0.76m 1 a 4 

-|l^ff|i (8 - 40 W h -s)=| fi.7mi/h.g 
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P5.74 Find the acceleration of the block according to the kinematic equations. 

The book travels through a displacement of 1.00 m in a time interval of 



Ax =X f - X, =1.00 m. At =t =0.483 s, and V, =0: 


x f =x. +v xi t+-aj 2 a =8.57 m/s 2 
2 t 2 

Now, find the acceleration of the block caused by the forces. See the 
free-body diagram below. We take the positive y axis is perpendicular 
to the incline; the positive x axis is parallel and down the incline. 

XF y =ma y : 

n - mg cos 0 =0 -> n =mg cos 0 
ZF X =ma x : 

mg sin 6 - f k =ma 
where f k =p k n =p k mg cos 0 

A NS. FIG. P5.74 

Substituting the express for kinetic friction into the 
x-component equation gives 

mg sin 0 - p k mg cos 0 =ma a =g( sin 0-/4 cos 0) 

For £4 = 0.300, and 0 =60.0°, a = 7.02 m/s 2 . 

The situation is impossible because these forces on the book cannot 
produce the acceleration described. 

P5.75 (a) Since the puck is on a horizontal surface, the normal force is 

vertical. With a y = 0, we see that 

'ZFy =ma y n - mg =0 or n =mg 

Once the puck leaves the stick, the only horizontal force is a 
friction force in the negative x direction (to oppose the motion of 
the puck). The acceleration of the puck is 

a =Sl =z1l =ZM = -H=M = p^j 

m m m m 1 - 1 
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(b) Then =\f xj +2 aAx gives the horizontal displacement of the 

puck before coming to rest as 


Ax 


2a x 


. °~ v f _ n?~ 

2 (-£43) 1 2/43 


*P5.76 (a) Let x represent the position of the glider along the air track. Then 

z 2 =x 2 +1 %, x =(z* - 1% ) 1/2 and v x - % )" 1/2 (2z) 

dz 

Now — is the rate at which the string passes over the pulley, so 
it is equal to V y of the counterweight. 


V x =z(z 2 — li^ ) l/2 V y 


_ . dVy d dv du 


At release from rest, v y =0 and a x =ua y . 


(c) sin30.0° = 80 -^ cm , z =1.60 m, 

)~ V1 Z =[(1.6 m) 2 - (0.8 m) 2 ] _V2 (1.6 m) =1.15 m 

For the counterweight, X F y =ma y : 

T- (0.5 kg)(9.80 m/s 2 ) =-(0.5 kg)<4 

a y =(-2 kg _1 )T +(9.80 m/s 2 ) 

For the glider, £F X =ma x : 

T cos 30° =(1.00 kg) a x =(l.l5 kg)a y 

=(l.l5 kg)[(-2 kg x )T +9.80 m/s 2 ] 

=-2.317 +11.3 N 

3.187 =11.3 N 
7 = | 3.56 N | 
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*P5.77 When an object of mass m is on this frictionless incline, the only force 
acting parallel to the incline is the parallel component of weight, 
mg sin 6, directed down the incline. The acceleration is then 

a = mg ^ m6> =gsin e =(9.80 m/s 2 )sin35.0° =5.62 m/s 2 

directed down the incline. 


(a) Taking up the incline as positive, the time for the sled projected 
up the incline to come to rest is given by 


Vf-Vj _ 0-5.00 m/s 
a -5.62 m/s 2 


=0.890 s 


The distance the sled travels up the incline in this time is 




0 +5.00 m/s 


(0.890 s) = ^23 m| 


(b) The time required for the first sled to return to the bottom of the 
incline is the same as the time needed to go up, that is, t = 0.890 s. 
In this time, the second sled must travel down the entire 10.0-m 
length of the incline. The needed initial velocity is found from 

Ax=vt+-atr 

' 2 


which gives 


Ax at 10.0 m 
'T _ Y “ 0.890 s 


(-5.62 m/s 2 )(0.890 s) 
2 


-8.74 m/s 


or 18.74 m/s down the incline] 

P5.78 (a) free-body diagrams of block and rope are shown in ANS. FIG. 

P5.78(a): 





ANS. FIG. P5.78(a) 
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(b) Applying Newton's second law to the rope yields 

'ZF x =ma x => F-T =m r a or T=F-m r a [1] 

Then, applying Newton's second law to the block, we find 
'ZF x =ma x =>T =m b a or F-m r a=m b a 


which gives 


F 

m b +l71 r 


(c) Substituting the acceleration found above back into equation [1] 
gives the tension at the left end of the rope as 


T 


=F -m r a =F -m r 



=F 


m b +m r J 


J = 

( mb ) 



v m b +m r y 



(d) From the result of (c) above, we see that as ra, approaches zero, T 
approaches F. Thus, 

the tension in a cord of negligible mass is constant along 
its length. 


P5.79 (a) The free-body diagrams of the two blocks shown in ANS. FIG. 

P5.79(a): 


fi 

ni 

F 

r f-i < < 

n 2 

P21 

► 12 4 < 

P12 

m 

lg m 2g 

ANS. FIG. P5.79(a) 


Vertical forces sum to zero because the blocks move on a 
horizontal surface; therefore, a y = 0 for each block. 
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XF ly =m 1 a y : lF 2y =m 2 a y : 

-m^g +n 1 =0 -> n 1 =m 1 g -m 2 g +n 2 =0 -> n 2 =m 2 g 

Kinetic friction is: Kinetic friction is: 


/\ =p l n 1 =p l m 1 g 


f 2 =A4 n 2 =p 2 m 2 g 


(b) 


The net force on the system of the blocks would be equal to the 
magnitude of the force, F, minus the friction force on each 
block. The blocks will have the same acceleration. 


(c) 


The net force on the mass, m u would be equal to the force, F, 
minus the friction force on m 1 and the force P 21 , as identified 
in the free-body diagram. 


(d) 


The net force on the mass, m 2 , would be equal to the force, P 12 , 
minus the friction force on m 2 , as identified in the free-body 
diagram. 


(e) The blocks are pushed to the right by force F, so kinetic friction f 
acts on each block to the left. Each block has the same horizontal 
acceleration, a x = a. Each block exerts an equal and opposite force 
on the other, so those forces have the same magnitude: 


XF lx =m 1 a x : 

F-P-f t = m y a 

|F - P - njn^g =m 1 a| 


IF 2x =m 2 a x : 

P -f 2 = m 2 a 

\P - p 2 m 2 g =fr^a\ 


(f) Adding the above two equations of x components, we find 


F - P - ^m^g +P - jU, m 2 g =m x a +m 2 a 
F - pm^g - jU, m 2 g =(m 1 +m 2 )a -> 
3 _ F-p l m 1 g-iJ 2 m 2 g 
m 1 +m 2 
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(g) From the x component equation for block 2, we have 


P - )U 2 m 2 g =m 2 a -> P =n 2 m 2 g +m 2 a 



We see that when the coefficients of friction are equal, jj x = /j 2 , the 
magnitude P is independent of friction. 

P5.80 (a) The cable does not stretch: Whenever one car moves 1 cm, the 

other moves 1 cm. 

At any instant they have the same velocity and at all instants they 
have the same acceleration. 

(b) Consider the BMW as the object. 

£P y =ma y : 

+T - mg =ma 

+T -(1 461 kg)(9.80 m/s 2 ) =(l 461 kg)(1.25 m/s 2 ) 


T= \ 1.61x10 4 n| 

(c) Consider both cars as the object. 

XP y =ma y : 

+T-(m +M )g =(m +M )a 

+T -(1 461 kg +1207 kg)(9.80 m/s 2 ) 

=(1 461 kg +1207 kg) (1.25 m/s 2 ) 

T llov , 42.95X10* N| 

P5.81 (a) ANS. FIG. P5.81(a) shows the free-body diagrams for this 

problem. 

Note that the same-size force n acts up on Nick and down on 
chair, and cancels out in the diagram. The same-size force T = 
250 N acts up on Nick and up on chair, and appears twice in the 
diagram. 
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ANS. FIG. P5.81(a) 


(b) First consider Nick and the chair together as the system. Note that 
two ropes support the system, and T = 250 N in each rope. 


Applying X F =ma, 
where 

Solving for a gives 


27 - (160 N+320 N) =ma 
480 N 


m = 


9.80 m/s 


r =49.0 kg 


_ (500 - 480) N 


49. 


= 0.408 m/s 2 

'.0 kg I_ L _ 


(c) On Nick, we apply 

X F =ma: n+T - 320 N =ma 

u _ 320 N oor71 

where m =- 7 =32.7 kg 

9.80 m/s 2 6 

The normal force is the one remaining unknown: 

n =ma +320N - T 

Substituting, n =(32.7 kg)(o.408 m/s 2 ) +320 N - 250 N 

gives n = | 83.3 N | 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 











256 The Laws of Motion 


P5.82 


See ANS. FIG. P5.82 showing the free-body 
diagrams. The rope has tension T. 

(a) As soon as Nick passes the rope to 
the other child. 


Nick and the seat, with total weight 
480 N, will accelerate down and the 
child, with smaller weight 440 N, will 
accelerate up. 



1480 N \ 440 N 

ANS. FIG. P5.82 


On Nick and the seat. 


£F y =+480 N-T 


480 N 
9.80 m/s 2 9 


On the child. 


£F y =+7-440 N 


440 N 
9.80 m/s 2 3 


Adding, 


+480 N-T +7-440 N =(49.0 kg +44.9 kg)a 

a= 40 N =1 0.426 m/s 2 =a I 
93.9 kg 1 --- 1 


The rope tension is 7 = 440 N + (44.9 kg)(0.426 m/s 2 ) = 459 N. 

(b) The rope must support Nick and the seat, so the rope tension is 
480 N. 

In problem 81, a rope tension of 250 N does not make the rope 
break. In part (a), the rope is strong enough to support tension 
459 N. But now the tension everywhere in the rope is 480 N, 
so it can exceed the breaking strength of the rope. 

The tension in the chain supporting the pulley is 480 N + 480 N = 
960 N, so the chain may break first. 
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P5.83 (a) See free-body diagrams in ANS. FIG. P5.83. 

(b) We write £F X =ma x for each object. 

18 N-P =(2 kg)a 
P-Q=( 3kg)a 
<3 =(4 kg)a 

Adding gives A N S. FI G. P5.83 

18 N =(9 kg)a^a= ^Z00 wg 

(c) The resultant force on any object is X F =mat All have the same 
acceleration: 

IF =(4 kg)(2 m/s 2 ) = | 8.00 N on the 4-kg object | 

X F =(3 kg)(2 m/s 2 ) = |6.00 N on the 3-kg object | 

X F =(2 kg)(2 m/s 2 ) = |2.00 N on the 2-kg object | 

(d) From above, P = 18 N - (2 kg )a — > P =14.0 N~|, and Q = (4 kg )a — > 
\Q =8.00 N|. 



(e) 


Introducing the heavy block reduces the acceleration because 
the mass of the system (plasterboard-heavy block-you) is greater. 
The 3-kg block models the heavy block of wood. The contact 
force on your back is represented by Q, which is much less than 
the force F. The difference between F and Q is the net force 
causing acceleration of the 5-kg pair of objects. 


P5.84 


(a) For the system to start 
to move when released, 
the force tending to move 
m 2 down the incline, 
m^g sin 0, must exceed 
the maximum friction 
force which can retard 
the motion: 



L ax = fl,max + 4, max + Vs,: A 

f max =p sl m 1 g +p S/2 m 2 g cos 6 


ANS. FIG. P5.84 
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P5.85 


From the table of coefficients of friction in the text, we take 

H s j = 0.610 (aluminum on steel) and [i s2 = 0.530 (copper on steel). 

With 


m 1 =2.00 kg, m 2 =6.00 kg, 6 =30.0° 


the maximum friction force is found to be/ max = 38.9 N. This 
exceeds the force tending to cause the system to move, 

m 2 gsinG =6.00 kg(9.80 m/s 2 )sin30° =29.4 N. Hence, 

|~the system will not start to move when released | 

(b) and (c) |No answer because the blocks do not move. | 

(d) The friction forces increase in magnitude until the total friction 
force retarding the motion, f=f 1 +/ 2 , equals the force tending to 
set the system in motion. That is, until 

| f =m 2 g sin 0 =29.4 Nj 

(a) See ANS. FIG. P5.85 showing the 
forces. All forces are in the vertical 
direction. The lifting can be done at 
constant speed, with zero 
acceleration and total force zero on 
each object. 

(b) ForM, =0 =T 5 -Mg 

so T 5 = Mg 

Assume frictionless pulleys. The 
tension is constant throughout a light, 
continuous rope. Therefore, T 1 = T 2 = 

T 

1 3- 

For the bottom pulley, 

If=o=t 2 +t 3 -t s 



SO 


2 T 2 = T 5 . Then 


T, =T 2 =T 3 =^- , 

3Mg 


4 2 


, and 


% | . 
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(c) 


Since F = T v we have 



*P5.86 


(a) 


Consider forces on the midpoint of the 
rope. It is nearly in equilibrium just 
before the car begins to move. Take the y 
axis in the direction of the force you exert: 

=ma y : -Tsin# + f-T sind =0 



T 


f 

2 sin0 


(b) 


100 N 
2 sin 7° 


-[410 N | 


*P5.87 


The acceleration of the system is found 
from 


A y=v yi t+^af 
since V yj =0, we obtain 


a 



ANS. FIG. 5.87 


_2 A y _2 (1.00 m) 
9 f (1.20 s) 2 


=1.39 m/s 2 


Using the tree-body diagram for m 2 , Newton's second law gives 

!F y2 =m 2 a: 

m 2 g-T =m 2 a 
T =m 2 (g-a) 

=(5.00 kg)(9.80 m/s 2 -1.39 m/s 2 ) 

=42.1 N 

Then, applying Newton's second law to the horizontal motion of m v 

XF xl =m 1 a: 

T - f =m x a 
f =T - 

=42.1 N-(l0.0 kg)(l.39 m/s 2 ) =28.2 N 
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*P5.88 


Since n = mg = 98.0 N, we have 
f 28.2 N 


A4 = 


n 98.0 N 


Applying Newton's second law to 
each object gives: 

T 1 = +2m(gsind +a) [1] 

T 2 -T 1 = f 2 +m[g sin0 +a) [2] 

T 2 =M [g- a) [3] 

(a), (b) Assuming that the system is 
in equilibrium (a = 0) and that 
the incline is frictionless, (fi = 
fi = 0), the equations reduce to 


T 1 =2mgsm0 


rv| = Imgcosd 

V 


2mgsin6 


^ n 2 -mgcas6 

- V \^ f 2 

mg sin \ 

mg cos 9 

ANS. FIG.P5.8 


[l'l 

[ 2 '] 

[3'] 


T 2 -T 1 =mg sin 6 
T 2 =Mg 

Substituting [!'] and [3'] into equation [2'] then gives 


| M =3msinfl~| 


so equation [3'] becomes | T 2 =3mg sing | 

(c), (d) M =6msin0 (double the value found above), and fi =/ 2 = 0. 
With these conditions present, the equations become 
T 1 =2m(gsin0 +a), T 2 -T 1 =m(gsinG +a) and 
T 2 =6msin0(g - a). Solved simultaneously, these yield 


g sind 
1 +2sin0 


T 1 =4mg sin0 


1 +sin 6 ^ 

1 +2sin0 J 


and 


T 2 =6mgsind 


1 +sin0 j 

1 +2sin0 J 
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(e) Equilibrium (a = 0) and impending motion up the incline, so 
M =M max while f x =2 p s mg cos 6 and f 2 =p s mg cos 6, both 
directed down the incline. Under these conditions, the equations 
become T x =2mg(sm6+p s cosO), T 2 -T 1 =mg(smO +p s cosO), 

and T 2 =M max gf, which yield | M max =3m(sinfl +jU' s cos0)~[ . 


(f) Equilibrium (a = 0) and impending motion down the incline, so 
M =M min , while f x =2p s mgcos6 and f 2 =p s mg cos 6, both 
directed up the incline. Under these conditions, the equations are 
T t =2mg(sind-p s cosO), T 2 -T 1 =mg(sin0- p s cos6), and 

T 2 =M mm g, which yield | M ^ =3 m (sing - p s cos 6) | . When this 

expression gives a negative value, it corresponds physically to a 
mass M hanging from a cord over a pulley at the bottom end of 
the incline. 


(g) | T 2 / max~ T 2,mm ma x9 ~ M min 9 =6 P s ITig COSQ^ 


P5.89 


(a) The crate is in equilibrium, just before it starts to move. Let the 
normal force acting on it be n and the friction force, f s . 


Resolving vertically: £F y =ma y gives 
n =F g +Psin 6 

Horizontally, 'ZF X =ma x gives 
P cos Q=f 



A NS. FIG. P5.89 


But, 


f s <p s n 


PcosO < p s (F g + Psinf?) 


or 


P(cos6 - p s sin6) < p/g 
Divide by cos 9: 

P(l- p s tand)< p s F g sec6 
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P5.90 


Then 


p 

IJ s F g sec 6 


l-jl/ s tan 6 


To set the crate into motion, the X component (P cos 6) must 
overcome friction f s = fJfl: 

P cos 0 > nf! = n 5 ( F g + P sin 0) 

P(cos 6 - n s sin 0) > n 5 F g 

For this condition to be satisfied, it must be true that 
(cos 6- n s sin d) > 0 -» /n s tan 6< 1 ^ tan 0 < — 

If this condition is not met, no value of P can move the crate. 


(a) See table below and graph in ANS. FIG. P5.90(a). 


t( s) 

f 2 (s 2 ) 

*(m) 

0 

0 

0 

1.02 

1.04 0 

0.100 

1.53 

2.341 

0.200 

2.01 

4.04 0 

0.350 

2.64 

6.97 0 

0.500 

3.30 

10.89 

0.750 

3.75 

14.06 

1.00 


Acceleration determination for 
a cart on an incline 



V(s 2 ) 


0 2 4 6 8 10 12 14 

ANS. FIG. P5.90(a) 
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(b) From x =^ at 2 the slope of a graph of x versus t 2 is ^ a, and 

a =2 x slope =2 (o.0714 m/s 2 ) = | 0.143 m/s 2 ~] 

(c) From a' = gsin0. 


a' =9.80 m/s 2 


1.77 4 
127.1 


=0.137 m/s 2 , different by 4%. 


The difference is accounted for by the uncertainty in the data, 
which we may estimate from the third point as 

0.350-(0.0714)(4.04) 

0.350 

[Thus the acceleration values agree] 

P5.91 (a) The net force on the cushion is in a fixed direction, downward 

and forward making angle 6 = tan -1 (F/mg) with the vertical. 


Because the cushion starts from rest, the direction of its line of 
motion will be the same as that of the net force. 

We show the path is a straight line another way. In terms of a 
standard coordinate system, the x and y coordinates of the 
cushion are 

y=h-^gt 2 

x =^ [F/m)t 2 -> t 2 =(2 m/F)x 

Substitution of t 2 into the equation for y gives 
y =h-(mg/f)x 

which is an equation for a straight line. 


(b) 


Because the cushion starts from rest, it will move in the direction 
of the net force which is the direction of its acceleration; therefore, 
it will move with increasing speed and its velocity changes 
in magnitude. 
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P5.92 


(c) Since the line of motion is in the direction of the net force, they 
both make the same angle with the vertical. Refer to Figure P5.91 
in the textbook: in terms of a right triangle with angle 6, height h, 
and base x, 

tan 6 =x/h =F/mg -> x =hF/mg 
(8.00 m)(2.40 % 

X $1.20 kg)(9.S0 Wi*|' 

and the cushion will land a distance 


x = 11.63 m from the base of the building] . 


(d) The cushion will move along a tilted parabola. If the cushion were 
experiencing a constant net force directed vertically downward 
(as is normal with gravity), and if its initial velocity were down 
and somewhat to the left, the trajectory would have the shape of a 
parabola that we would expect for projectile motion. Because the 
constant net force is "sideways"—at an angle 6 counterclockwise 
from the vertical—the cushion would travel a similar trajectory as 
described above, but rotated counterclockwise by the angle 6 so 
that the initial velocity is directed downward. See the figures. 


F ne , 


downward 


F net sideways 


Fnet 



ANS. FIG. P5.91(d) 

(a) When block 2 moves down 1 cm, block 1 moves 2 cm forward, so 
block 1 always has twice the speed of block 2, and =2^| 
relates the magnitudes of the accelerations. 

(b) Let T represent the uniform tension in the cord. 

For block 1 as object, 

'ZF x =m 1 a 1 : T =m 1 a 1 =m 1 {la 2 ) 

T =2m 1 a 2 [1] 
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For block 2 as object, 

XF y =m 2 a 2 : T +T - m 2 g =m 2 (-a 2 ) 

27 -m 2 g=-m 2 a 2 [ 2 ] 

To solve simultaneously we substitute equation [1] into equation 

[2]: 


2(2/T7 1 a 2 )-m 2 g =-m 2 a 2 -> 4m 1 a 2 +m 2 a 2 =m 2 g 

a _ m 20 
2 4/Dy +m 2 

for 7« 2 = 1.30 kg: |a 2 =12.7 N (1.30 kg +4 m J" 1 down| 

(c) If m 1 is very much less than 1.30 kg, a 2 approaches 

12.7 N/1.30 kg = 19.80 m/s 2 down) 

(d) If m 1 approaches infinity, | a, approaches zeroj . 

(e) From equation (2) above, 2T = mg + m 2 a 2 = 12.74 N + 0, 
|T =6.37lf| ' 


(f) 


Yes. As m 1 approaches zero, block 2 is essentially in free fall. As 
m 2 becomes negligible compared to m 1 , m 2 has very little weight, 
so the system is nearly in equilibrium. 


P5.93 


We will use =ma on block 

block m 2 

total system 

each object, so we draw 




force diagrams for the 




M + m 1 + m 2 system, and » 


n 



also for blocks m 1 and m 2 . 

Remembering that 
normal forces are always j 
perpendicular to the w ' 8 

contacting surface, and 
always push on a body, 
draw n x and n 2 as shown. 

Note that m 1 is in contact with the cart, and therefore feels a normal 
force exerted by the cart. Remembering that ropes always pul I on 


A NS. FIG. P5.93 
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P5.94 


bodies toward the center of the rope, draw the tension force T. Finally, 
draw the gravitational force on each block, which always points 
downwards. 

Applying X F =ma, 

For m{. T -m^g = 0 

For m 2 . T = m 2 a 

Eliminating T, 


m 2 

For all three blocks: 


F =(M +m 1 +m 2 )^- 


(a) !F y =ma y : 
n-mgcosG =0 

or n =(8.40 kg)(9.80 m/s 2 )cos0 
[n~=(82.3 N)cosfl| 

(b) IF X =ma x : 
mg sind =ma 
or 

a=gsin0 


a =(9.80 m/s 2 )sin0 


"/ 

AX 

/mg cos G 


mg sin 9 



20 40 60 80 100 0 20 40 60 80 100 

9 (deg) 9 (deg) 

ANS. FIG. P5.94 
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(c) 


h, deg 

n, N 

a, m/s 2 

0.00 

82.3 

0.00 

5.00 

82.0 

0.854 

10.0 

81.1 

1.70 

15.0 

79.5 

2.54 

20.0 

77.4 

3.35 

25.0 

74.6 

4.14 

30.0 

71.3 

4.90 

35.0 

67.4 

5.62 

40.0 

63.1 

6.30 

45.0 

58.2 

6.93 

50.0 

52.9 

7.51 

55.0 

47.2 

8.03 

60.0 

41.2 

8.49 

65.0 

34.8 

8.88 

70.0 

28.2 

9.21 

75.0 

21.3 

9.47 

80.0 

14.3 

9.65 

85.0 

7.17 

9.76 

90.0 

0.00 

9.80 


(d) 


At 0°, the normal force is the full weight and the acceleration is 
zero. At 90 °, the mass is in free fall next to the vertical incline. 
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P5.95 Refer to the free-body diagram in ANS. FIG. 

P5.95. Choose the x axis pointing down the 
slope so that the string makes the angle 6 with 
the vertical. The acceleration is obtained from 
v f = v t + at: 

a=(v f - v.)/t =(30.0 m/s 2 - 0J/6.00 s 
a =5.00 m/s 2 

Because the string stays perpendicular to the 
ceiling, we know that the toy moves with the 
same acceleration as the van, 5.00 m/s 2 parallel 
to the hill. We take the x axis in this direction, so 

a x =5.00 m/s 2 and a y =0 

The only forces on the toy are the string tension in the y direction and 
the planet's gravitational force, as shown in the force diagram. The size 
of the latter is mg = (0.100 kg)(9.80 m/s 2 ) = 0.980 N 

(a) Using X F x =ma x gives (0.980 N) sin0 = (0.100 kg)(5.00 m/s 2 ) 


Then sin0 = 0.510 and 6 = | 30.7° | 

(b) Using =m 3 y gives +T - (0.980 N)cos0 = 0 
T = (0.980 N) cos 30.7° = / 0.843 N | 



ANS. FIG. P5.95 


Challenge Problems 

P5.96 =m <i gives the object's acceleration: 

(8.00f-4.00tj) N 
3 m 2.00 kg 

a =(4.00 m/s 2 )i- (2.00 m/s 3 )tj=^ 
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(a) To arrive at an equation for the instantaneous velocity of object, 
we must integrate the above equation. 

dv=( 4.00 m/s 2 )dt I-(2.00 m/s 3 )tdlj 
\dv =j(4.00 m/s 2 )atf- j(2.00 m/s 3 )tdlj 
v =[(4.00 m/s 2 )t+q]i-[(l.00 m/s 3 )?+C,]} 

In order to evaluate the constants of integration, we observe that 
the object is at rest when t = Os. 

v(t =0) =0 =[(4.00 m/s 2 )0+q]i-[(l.00 m/s 3 )o 2 +q]j 

or Cj = c 2 = 0 

and 

V =[(4.00 m/s 2 )t]i — [(l.OO m/s 3 )?]j 
Thus, when v - 15.0 m/s, 

|v| =15.0 m/s =^[(4.00 m/s 2 )t] +[(l.00 m/s 3 )! 2 ] 
15.0 m/s =^[(l6.0 m 2 /s 4 )e]+[(i.oo m 2 /s 6 )r] 

225 m 2 /s 2 =[(l6.0 mYs 4 )! 2 ] +[(l.00 mYs 6 )^] 

0 =(l.00 m 2 /s 6 )? +(l6.0 m 2 /s 4 )f 2 -225 m 2 /s 2 

We now need a solution to the above equation, in order to find t. 
The equation can be factored as, 

0 =[?-9)(? +25) 

The solution for t, here, comes from the first factor: 

?-9.00 =0 
t =± 3.00 s = [roo~s] 
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(b) In order to find the object's position at this time, we need to 
integrate the velocity equation, using the assumption that the 
objects starts at the origin (the constants of integration will again 
be equal to 0, as before). 

dr =(4.00 m/s 2 )tdti- (l.OO m/s 3 )f 2 o«j 
J dr =j(4.00 m/s 2 )tdH-j(l.OO m/s 3 )e dtj 
r =[(2.00 m/s 2 jf 2 ] 1 -[(0.333 m/s 3 )! 3 ]] 

Now, using the time above and finding the magnitude of this 
displacement vector, 

|r| =^[(2.00 m/s 2 )(3.00 s) 2 ] 2 +[(o.333 m/s 3 )(3.00sf] 2 

iri HMH : 

(c) Using the displacement vector found in part (b), 

r =[(2.00 m/s 2 )! 2 ]i-[(o.333 m/s 3 )! 3 ]] 
r =[(2.00 m/s 2 )(3.00s) 2 ]i-[(0.333 m/s 3 )(3.00 s) 3 ]j 
r = [(l8.0 m)i - (9.00 m)j | 

P5.97 Since the board is in equilibrium, 'LF X =0 and we see that the normal 
forces must be the same on both sides of the board. Also, if the 
minimum normal forces (compression forces) are being applied, the 
board is on the verge of slipping and the friction force on each side is 

f =( f sL =w i 



Fg = 95.5 N 

ANS. FIG. P5.97 
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*P5.98 


The board is also in equilibrium in the vertical direction, so 


TFy =2f-F =0, or f =-£ 

2 

The minimum compression force needed is then 
f F q 95.5 N 


p s 2p s 2(0.663) 


= 72.0 N 


We apply Newton's second law to each of the three - _ ^_ 

masses, reading the forces from ANS. FIG. P5.98: ^ ^ 


m 2 {a-A)=T => 

a =— +A 
m 2 

[1] 

MA =R X =T => 


[2] 

n^a =171$-T => 

T =m 1 (g-a) 

[3] 



A NS. FIG. P5.98 


(a) Substitute the value for a from [1] into [3] and solve for T: 

T -- 


tute for A h 

■ =m -K 


Substitute for A from [2]: 

T 


“ i ^ + f INt = 


m 2 g 

n^M 

_m 2 M +m 1 (m 2 +M )J 


(b) Solve [3] for a and substitute value of T: 


a=g- — =g-m 2 g 


M 


m 2 M +m 1 ( m 2 +M 


m,M 


m 2 M +m~ (m 2 +M ) 


gm 1 (m 2 +M ) 
m 2 M +m 1 (m 2 +M ) 
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(c) From [2], A =—. Substitute the value of T: 


try ri 2 g 

m 2 M +m 1 (m 2 +M ) 


(d) The acceleration of m 1 is given by 



a-A 


/rijM g 

m 2 M +m 1 [m 2 +M ) 


P5.99 


(a) The cord makes angle 6 with the horizontal where 

_ x f 0.100 _ 


0 =tan 


=14.0° 


V 0.400 m ) 

Applying Newton's second law in the y direction gives 


XF y =ma y : 

T sind-mg+n =0 

(+10 N)sin 14.0°-(2.20 kg)(9.80 m/s 2 )+n =0 


which gives n = 19.1 N. Applying Newton's second law in the x 
direction then gives 

=ma x : 

T cos 6- f k =ma 
T cos 6~iJ k n =ma 

(+10 N)cos 14.0°-0.400(19.1 N) =(2.20 kg) a 


which gives 

a = \0931 m/s^fj 
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(b) 


When xis large we have n =21.6 N, f k =8.62 N, and 
a =(10 N - 8.62 N)/2.2 kg =0.625 m/s 2 . 

As x decreases, the acceleration increases gradually, passes 
through a maximum, and then drops more rapidly, becoming 
negative. At x = 0 it reaches the value a =[0 - 0.4(21.6 N - 10 N)]/ 
2.2 kg =- 2.10 m/s 2 . 


(c) We carry through the same calculations as in part (a) for a 
variable angle, for which cos 0 = x[x 2 + ( 0.100 m ) 2 ]~ 1/2 and 
sin0= (0.100 m)[x 2 + (0.100 m) 2 ]” 1/2 . We find 

a = ( i ^) (10N)x ^' 10 ° 2 ]~ ,/2 

-0.400(21.6 N-(l0 N)(0.100)[x 2 +0.100 2 ]" 172 ) 

a- 4.55x[x 2 +0.100 2 ]' 172 -3.92 +0.182[x 2 +0.100 2 ]" 172 

Now to maximize a we take its derivative with respect to x and 
set it equal to zero: 

^ =4.55 (x 2 +0.100 2 )- 172 +4.55x(^-^2x(x 2 +0.100 2 ) -372 

+0.182^-|j2x(x 2 +0.100 2 )- 372 =0 

Solving, 

4.55 (x 2 +0.1 2 )- 4.55x 2 - 0.182X =0 
or x = | 0.250 ml 
At this point, suppressing units, 

a =(4.55)(0.250)[0.250 2 +0.100 2 ] _V2 - 3.92 

+0.182 [0.250 2 +0.100 2 ]' 172 

= | 0.976 m/s 2 1 
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(d) We solve, suppressing units, 

0 =4.55x[x 2 +0.100 2 ] 172 -3.92 +0.182[x 2 +0.100 2 
3.92 [x 2 +0.100 2 ] 172 =4.55x+0.182 
15 ^[x 2 +0.100 2 ] =20.7x 2 +1.65X+0.033 1 
which gives the quadratic equation 
5.29X 2 +1.65X-0.121 =0 

Only the positive root is directly meaningful, so 
X = 10.0610 m] 

P5.100 The force diagram is shown on the right. With motion impending, 
n+TsinO-mg=0 Tsind -► 




and 



ANS. FIG. P5.100 



To minimize T, we maximize cos(9 + /i s smd: 

-^-(cos0 + jULsin 6 ) =0 =-sin0 +jii cos0 
dd 


Therefore, the angle where tension T is a minimum is 

0 =tan _1 (ju s ) =tan 1 (0.350) =19.3° 

What is the tension at this angle? From above, 

0.350(l.30 kg)(9.80 m/s 2 ) 
cos 19.3°+0.350 sin 19.3° 

The situation is impossible because at the angle of minimum tension, 
the tension exceeds 4.00 N. 
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P5.101 (a) Following the in-chapter example about a block on a frictionless 

incline, we have 

a=gsin0 =(9.80 m/s 2 )sin30.0° 

| a =4.90 m/s 2 | 


(b) The block slides distance x on the incline, with 
• ™ no 0.500 m 


x = 1.00 m: v* =vf +2a(x f -x f ) =0+2(4.90 m/s 2 )(l.00 m) 

V f =1 3.13 m/s I after time t =—- =—— ^ =0.639 s 

f I- 5 v f 3.13 m/s 


(c) To calculate the horizontal range of the block, we need to first 
determine the time interval during which it is in free fall. We use 

y f - y ( =v yj t +- ayf, and substitute, noting that 

Vyi = (-3.13 m/s) sin 30.0°. 

-2.00 =(-3.13 m/s)sin30.0°t-|(9.80 m/s 2 )! 2 
(4.90 m/s 2 )! 2 +(l.56 m/s)!-2.00 m =0 
Solving for t gives 

^ -1.56 m/s ±^( 1.56 m/s) 2 -4(4.90 m/s 2 )(-2.00 m) 

9.80 m/s 2 

Only the positive root is physical, with t = 0.499 s. The horizontal 
range of the block is then 

Xf =v x t =[(3.13 m/s)cos30.0°](0.499 s) = | 1.35 m | 


(d) The total time from release to impact is then 

total time =t s +t =0.639 s +0.499 s = | 1.14 s 
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(e) | The mass of the block makes no difference | , as acceleration due to 

gravity, whether an object is in free fall or on a frictionless incline, 
is independent of the mass of the object. 


P5.102 Throughout its up and down motion after release the block has 


£F y =ma y : -in-mgcosd =0 

n = mg cos 6 

Let R =R x i +R y i represent the force of table 
on incline. We have 

£F X =ma x : -\R X -nsin0 =0 

R x =mgcos6sm0 
£F y =ma y : -Mg-ncos0+R y =0 

R y =M g +mg cos 2 0 



AN S. FIG . P5.102 


| R =mg cos0sin0 to the right +(m +mcos 2 d)g upward | 


*P5.103 


(a) First, draw a free-body diagram of the 
top block (top panel in ANS. FIG. 
P5.103). Since a y = 0,m = 19.6 N, and 

f k =H k n^ =0.300(19.6 N) 

=5.88 N 

From XF x =ma 7 , 

10.0 N-5.88N =(2.00 kg )a^ 

or Qy =2.06 m/s 2 (for top block). Now 
draw a free-body diagram (middle 
figure) of the bottom block and 
observe that X F x =Ma g gives 
f =5.88 N =(8.00 kg) a B or 
a B =0.735 m/s 2 (for the bottom 
block). In time t, the distance each 
block moves (starting from rest) is 


f=fi k n [Top Block) F _ 10 -° N 
[ 2.00 kg J 

mi = 19.6 N 1 



ANS. FIG.P5.103 
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dy =-^a r t 2 and d B =-^a B ?. For the top block to reach the right 

edge of the bottom block (see bottom figure), it is necessary that 
dy =d B +L or 


|(2.06 m/s 2 )? =^-(0.735 m/s 2 )? +3.00 m 
which gives t = | 2.13 s~| . 

(b) From above, d B =^-(0.735 m/s 2 )(2.13 s) 2 = | 1.67 m~| . 

P5.104 (a) Apply Newton's second law 

to two points where butter¬ 
flies are attached on either 
half of mobile (the other half 
is the same, by symmetry). 

T 2 cos 0 2 - Ty cos Gy =0 [1] 

Ty sin Gy - T 2 sin G 2 - mg =0 [2] 

T 2 cosG 2 -T 3 =0 [3] 

T 2 sin0 2 -mg =0 [4] 

Substituting [4] into [2] for T 2 sin G 2 , 

TyShxGy-mg-mg =0 



AN S. FIG . P5.104 


Then 


T - 2mg 
1 sin^j 


Substitute [3] into [1] for T 2 cosG 2 : 


T 3 - Ty COS Gy =0, T 3 =Ty COS Gy 


Substitute value of T{. 


t 3 


=2 mg 


cos Gy 
sin Gy 


2mg_ =T 

tan#! 3 
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From equation [4], 

r 2 =i 

sin 6 2 

(b) Divide [4] by [3]: 

T 2 sin0 2 _mg 
T 2 cos 0 2 T 3 

Substitute value of T 3 : 


tan0 2 


mg tan 0, 
2 mg 


6 2 =tan 


tan 0, \ 


Then we can finish answering part (a): 


- _ mg 

2 sin [tan -1 (f tan 0 X )] 


(c) D is the horizontal distance between the points at which the two 
ends of the string are attached to the ceiling. 


D =2! cos 0j +2 £ cos 0 2 +£ and L =51 
D =-^|2cos0 1 +2cos|^tan~ 1 |^tan0 1 +1 
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lNSWERS to even-numbered problems 


P5.2 2.38 kN 

P5.4 8.71 N 

P5.6 (a) -4.47 x 10 15 m/s 2 ; (b) +2.09 x 10“ 10 N 

P5.8 (a) zero; (b) zero 

P5.10 (a) ^ vt ; (b) magnitude: m^(v /1) 2 + g 2 , direction: tan -1 

P5.12 (l6.3i + 14.6j) N 

P5.14 (a-c) See free-body diagrams and corresponding forces in P5.14. 

P5.16 1.59 m/s 2 at 65.2° N of E 

P5.18 (a) |; (b) 0.750 m/s 2 

P5.20 (a) ~10' 22 m/s 2 ; (b) Ax ~ 10“ 23 m 

P5.22 (a) a is at 181°; (b) 11.2 kg; (c) 37.5 m/s; (d) (-37.51 - 0.893j) m/s 

P5.24 £F=-/cmv 

P5.26 (a) See ANS. FIG. P5.26; (b) 1.03 N; (c) 0.805 N to the right 

P5.28 (a) 49.0 N; (b) 49.0 N; (c) 98.0 N; (d) 24.5 N 

P5.30 (a) See ANS. FIG. P5.30(a); (b) -2.54 m/s 2 ; (c) 3.19 m/s 

P5.32 112 N 

P5.34 See P5.33 for complete derivation. 

P5.36 (a) Tj = 31.5 N, T 2 = 37.5 N, T 3 = 49.0 N; (b) T, = 113 N, T 2 = 56.6 N, 

T 3 = 98.0 N 

P5.38 (a) 78.4 N; (b) 105 N 

P5.40 a = 6.30 m/s 2 and T = 31.5 N 
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P5.42 

P5.44 

P5.46 


P5.48 

P5.50 

P5.52 

P5.54 

P5.56 

P5.58 

P5.60 

P5.62 

P5.64 

P5.66 


P5.68 

P5.70 

P5.72 


(a) See ANS FIG P5.42; (b) 3.57 m/s 2 ; (c) 26.7 N; (d) 7.14 m/s 
(a) 2 m{g + a); (b) T, = 2 T 2 , so the upper string breaks first; (c) 0, 0 


(a) a 2 = 2 a{, (b) T 2 


m i9 


2 0 1 


g and T 2 =— 


-flf;(c) - 


m 2 +-m, 
2 4 1 


2 m 2 +-m, 

2 2 1 


4m 2 +/D! 


B =3.37 x 10 3 N, A =3.83 x 10 3 N, B is in tension and A is in 
compression. 

(a) 0.529 m below its initial level; (b) 7.40 m/s upward 
(a) 14.7 m; (b) neither mass is necessary 
(a) 256 m; (b) 42.7 m 

The situation is impossible because maximum static friction cannot 
provide the acceleration necessary to keep the book stationary on the 
seat. 

(a) 4.18; (b) Time would increase, as the wheels would skid and only 
kinetic friction would act; or perhaps the car would flip over. 

(a) See ANS. FIG. P5.60; (b) Q =55.2°; (c) n = 167 N 

(a) 0.404; (b) 45.8 lb 

(a) See ANS. FIG. P5.64; (b) 2.31 m/s 2 , down for m v left for ra 2 , and up 
for ra 3 ; (c) T 12 = 30.0 N and T 23 = 24.2 N; (d) T 12 decreases and T 23 
increases 

(a) 48.6 N, 31. 7 N; (b) If P > 48.6 N, the block slides up the wall. If 
P < 31.7 N, the block slides down the wall; (c) 62.7 N, P > 62.7 N, the 
block cannot slide up the wall. If P < 62.7 N, the block slides down the 
wall 

834 N 

(a) See P5.70 for complete solution; (b) 9.80 N, 0.580 m/s 2 

(a) 3.43 m/s 2 toward the scrap iron; (b) 3.43 m/s 2 toward the scrap 
iron; (c) -6.86 m/s 2 toward the magnet 
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P5.74 

P4.76 

P5.78 

P5.80 

P5.82 


P5.84 

P5.86 

P5.88 


P5.90 

P5.92 

P5.94 

P5.96 


The situation is impossible because these forces on the book cannot 
produce the acceleration described. 

(a) and (b) See P5.76 for complete derivation; (c) 3.56 N 

(a) See ANS. FIG. P5.78(a); (b) a =— F —; (c) T =f — If ; (d) the 
m b +m r [ m b +m r J 

tension in a cord of negligible mass is constant along its length 

(a) At any instant they have the same velocity and at all instants they 
have the same acceleration; (b) 1.61 x 10 4 N; (c) 2.95 x 10 4 N 

(a) Nick and the seat, with total weight 480 N, will accelerate down 
and the child, with smaller weight 440 N, will accelerate up; (b) In 
P5.81, a rope tension of 250 N does not make the rope break. In part 
(a), the rope is strong enough to support tension 459 N. But now the 
tension everywhere in the rope is 480 N, so it can exceed the breaking 
strength of the rope. 

(a) The system will not start to move when released; (b and c) no 
answer; (d) f =m 2 gsin0 =29.4 N 


(a)T=— -;(b)410N 
2sin# 


(a) M =3msin#; (b) =2mgsin#, T 2 =3mgsin#; (c) a 
1 +sin# ^ 


g sin 6 


(d) T 2 =4mg sin # 


1 +2sin# j 


T 2 =6mgsin# 


ft 


+sin# 
+2 sin# 


(e) M max =3m(sin#+)U s cos#); (f) M ^ =3m(sin#-jU s cos#); 

(g) T 2,max- T 2,mm max9 ~ M min 9 =6^/7^ COS# 

See table in P5.90 and ANS. FIG P5.90; (b) 0.143 m/s 2 ; (c) The 
acceleration values agree. 

(a) flj = 7u 2 , (b) a 2 = 12.7 N (1.30 kg + 4 m^f 1 down; (c) 9.80 m/s 2 down; 
(d) a 2 approaches zero; (e) T = 6.37 N; (f) yes 


(a) n = (8.23 N)cos #; (b) a = (9.80 m/s 2 ) sin ft (c) See ANS. FIG P5.94; 
(d) At 0°, the normal force is the full weight, and the acceleration is 
zero. At 90° the mass is in free fall next to the vertical incline. 


(a) 3.00 s; (b) 20.1 m; (c) (l8.0m) i - (9.00m) j 
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P5.98 

P5.100 

P5.102 

P5.104 


(a) m 2 g | 
r 

(c) 


m x M 


m 2 M + m 1 (m 2 + M )J' ^ [m 2 M +m 1 (m 2 + M ) 


gn^ (m 2 + M ) 


m^g 


m 2 M + m 1 (m 2 + M ) 


; ; (d) 


/rijM g 


m 2 M +m 1 (m 2 + M) 


The situation is impossible because at the angle of minimum tension, 
the tension exceeds 4.00 N 


R —mg cos 6 sin 6 to the right +( M +m cos 2 6 ) g upward 


(a )T 1 

T 2 =- 


_2mg 2mg _ 

sin 0, ' tan 0, 3 

mg 

sin [tan -1 ( 2 tan 0,)] 


,i . . (tan 6, ) 

; (b) d 2 =tan J, 

; (c) See P5.104 for complete explanation. 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copie 


■ duplicated, or posted to a publicly accessible website, in whole or in part. 



6 


Circular Motion and Other 
Applications of Newton's Laws 


CHAPTER OUTLINE 


6.1 Extending the Particle in Uniform Circular Motion Model 

6.2 Nonuniform Circular Motion 

6.3 Motion in Accelerated Frames 

6.4 Motion in the Presence of Velocity-Dependent Resistive Forces 


* An asterisk indicates a question or problem new to this edition.) 


lNSWERS to objective questions 


0 Q 6.1 (a) A > C = D > B = E = 0. At constant speed, centripetal acceleration is 

largest when radius is smallest. A straight path has infinite radius of 
curvature, (b) Velocity is north at A, west at B, and south at C. (c) 
Acceleration is west at A, nonexistent at B, east at C, to be radially 
inward. 

OQ6.2 Answer (a). Her speed increases, until she reaches terminal speed. 

OQ6.3 (a) Yes. Its path is an arc of a circle; the direction of its velocity is 

changing, (b) No. Its speed is not changing. 

OQ6.4 (a) Yes, point C. Total acceleration here is centripetal acceleration, 

straight up. (b) Yes, point A. The speed at A is zero where the bob is 
reversing direction. Total acceleration here is tangential acceleration, to 
the right and downward perpendicular to the cord, (c) No. (d) Yes, 
point B. Total acceleration here is to the right and either downwards or 
upwards depending on whether the magnitude of the centripetal 
acceleration is smaller or larger than the magnitude of the tangential 
acceleration. 
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OQ6.5 Answer (b). The magnitude of acceleration decreases as the speed 
increases because the air resistance force increases, counterbalancing 
more and more of the gravitational force. 

0 Q 6.6 (a) No. When v = 0, v 2 /r = 0. 

(b) Yes. Its speed is changing because it is reversing direction. 

0 Q 6.7 (i) Answer (c). The iPod shifts backward relative to the student's hand. 

The cord then pulls the iPod upward and forward, to make it gain 
speed horizontally forward along with the airplane, (ii) Answer (b). 
The angle stays constant while the plane has constant acceleration. 
This experiment is described in the book Science from your Airplane 
Window by Elizabeth Wood. 


lNSWERS to conceptual questions 


C Q 6.1 (a) Friction, either static or kinetic, exerted by the roadway where it 

meets the rubber tires accelerates the car forward and then maintains 
its speed by counterbalancing resistance forces. Most of the time static 
friction is at work. But even kinetic friction (racers starting) will still 
move the car forward, although not as efficiently, (b) The air around 
the propeller pushes forward on its blades. Evidence is that the 
propeller blade pushes the air toward the back of the plane, (c) The 
water pushes the blade of the oar toward the bow. Evidence is that the 
blade of the oar pushes the water toward the stern. 

CQ6.2 The drag force is proportional to the speed squared and to the effective 
area of the falling object. At terminal velocity, the drag and gravity 
forces are in balance. When the parachute opens, its effective area 
increases greatly, causing the drag force to increase greatly. Because 
the drag and gravity forces are no longer in balance, the greater drag 
force causes the speed to decrease, causing the drag force to decrease 
until it and the force of gravity are in balance again. 

CQ6.3 The speed changes. The tangential force component causes tangential 
acceleration. 

C Q 6.4 (a) The object will move in a circle at a constant speed. 

(b) The object will move in a straight line at a changing speed. 

CQ6.5 The person in the elevator is in an accelerating reference frame. The 
apparent acceleration due to gravity, “g,” is changed inside the 
elevator, “g" = g±a 

CQ6.6 I would not accept that statement for two reasons. First, to be "beyond 
the pull of gravity," one would have to be infinitely far away from all 
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other matter. Second, astronauts in orbit are moving in a circular path. 
It is the gravitational pull of Earth on the astronauts that keeps them in 
orbit. In the space shuttle, just above the atmosphere, gravity is only 
slightly weaker than at the Earth's surface. Gravity does its job most 
clearly on an orbiting spacecraft, because the craft feels no other forces 
and is in free fall. 

CQ6.7 This is the same principle as the centrifuge. All the material inside the 
cylinder tends to move along a straight-line path, but the walls of the 
cylinder exert an inward force to keep everything moving around in a 
circular path. 

C Q 6.8 (a) The larger drop has higher terminal speed. In the case of spheres, 

the text demonstrates that terminal speed is proportional to the square 
root of radius, (b) When moving with terminal speed, an object is in 
equilibrium and has zero acceleration. 

CQ6.9 Blood pressure cannot supply the force necessary both to balance the 
gravitational force and to provide the centripetal acceleration to keep 
blood flowing up to the pilot's brain. 

CQ6.10 The water has inertia. The water tends to move along a straight line, 
but the bucket pulls it in and around in a circle. 

CQ6.11 The current consensus is that the laws of physics are probabilistic in 
nature on the fundamental level. For example, the Uncertainty 
Principle (to be discussed later) states that the position and velocity 
(actually, momentum) of any particle cannot both be known exactly, so 
the resulting predictions cannot be exact. For another example, the 
moment of the decay of any given radioactive atomic nucleus cannot 
be predicted, only the average rate of decay of a large number of nuclei 
can be predicted—in this sense, quantum mechanics implies that the 
future is indeterminate. How the laws of physics are related to our 
sense of free will is open to debate. 
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SOLUTIONS TO END-OF-CHAPTER PROBLEMS 


Section 6.1 


P6.1 


P6.2 


Extending the Particle in 
Uniform Circular Motion Model 


We are given m = 3.00 kg, r = 0.800 m. The string will break if the 
tension exceeds the weight corresponding to 25.0 kg, so 

T max = Mg = (25.0 kg)(9.80 m/s 2 ) = 245 N 

When the 3.00-kg mass rotates in a horizontal circle, the tension causes 
the centripetal acceleration. 


2 _r_T_ _ (0.800m)T < (0.800 rn)T m£ 
m 3.00 kg 3.00 kg 


_ (0.800 m)(245N) 


=65.3 m 2 /s 


3.00 kg 

This represents the maximum value of v 2 , or 
0 < v< si653 m/s 
which gives 



ANS. FIG.P6.1 


0< \/<8.08 m/s 


(a) The astronaut's orbital speed is found from Newton's second law, 
with 

£F y =ma y : mg moon down &down 
solving for the velocity gives 

v =sjg moon r =yj(l.52 m/s 2 )(l.7 x 10 6 m +100 x 10 3 m) 
v=\ 1.65 xlO 3 m/s I 


(b) To find the period, we use V =^~ and solve for T: 


_27r(l.8xl0 6 m) 
1.65xlO 3 m/s 


=1 6.84xlO 3 s I =1.90 h 
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P6.3 


P6.4 


P6.5 


P6.6 


(a) The force acting on the electron in the Bohr model of the 
hydrogen atom is directed radially inward and is equal to 

F _ mv 2 _(9.11xlCT 31 kg)(2.20xl0 6 m/s) 2 
r 0.529 xlO“ 10 m 

= | 8.33 x IQ- 8 N inward | 


(b) 


v 2 _(2.20xl0 6 m/s) 2 
T ~ 0.529 xlO- 10 m 


= | 9.15 xlO 22 m/s 2 inward 


In ^ F =17 )—, both m and r are unknown but remain constant. 
Symbolically, write 

lF slow =^](14.0 m/s) 2 and £F fast =(^yj(l8.0 m/s) 2 
Therefore, is proportional to v 1 and increases by a factor of 

18.0 V 


as v increases from 14.0 m/s to 18.0 m/s. The total force at the 

14.0/ 

higher speed is then 

2F -> =(i0 (13ON)= ra 

This force must be | horizontally inward | to produce the driver's 
centripetal acceleration. 

We neglecting relativistic effects. With 1 u = 1.661 x 10” 27 kg, and from 
Newton's second law, we obtain 


/ , 7 \ 2.998xlO 7 m/s 

= 2xl.661xl0' 27 kg)-- 7 -r -—— 

X 61 (0.480 m) 

= | 6.22 x 10~ 12 N | 

(a) The car's speed around the curve is found from 


36.0 s 


=6.53 m/s 


This is the answer to part (b) of this problem. We calculate the 
radius of the curve from ^[inr) =235 m, which gives r = 150 m. 
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P6.7 


P6.8 


The car's acceleration at point B is then 
a r = — I toward the center 
(6.53 m/s) 2 

=-- -L- at 35.0 north of west 

150 m 

=(o.285 m/s 2 )(cos35.0°(-i) +sin35.0°j| 
= (-0.2331+0.163j) m/s 2 


(b) From part (a), v = | 6.53 

(c) We find the average acceleration from 



(6.53j-6.53i) m/s 
36.0 s 

= (-0.1811+0.181j) m/s 2 

Standing on the inner surface of the rim, and moving with it, each 
person will feel a normal force exerted by the rim. This inward force 
causes the 3.00 m/s 2 centripetal acceleration: 

a c =\i L !r so v=Ja/ =^(3.00 m/s 2 )(60.0 m) =13.4 m/s 


The period of rotation comes from v p 

r = 2 g = 2 »( 60 . 0 m) =2!Us 

v 13.4 m/s 


so the frequency of rotation is 




T 28.1s \28.1 s ) 


-— ] =1 2.14 rev/min I 

1 min J I--- 1 


ANS. FIG. P6.8 shows the free-body diagram for this problem. 

(a) The forces acting on the pendulum in the vertical direction must 
be in balance since the acceleration of the bob in this direction is 
zero. From Newton's second law in the y direction. 


^F y =T cosO-mg =0 
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P6.9 


Solving for the tension T gives 

J __mg_ _(80.0kg)(9.80 m/s 2 ) ^ N 
cos# cos 5.00° 

In vector form, 

T =T sin0i +T cos0j 
=| (68.6 N)i +(784 N)j | 

(b) From Newton's second law in the x direction, 
YjF x =T sin0 =ma c 



ANS. FIG. P6.8 


which gives 

TsjngjTgTN) 

c nn 80.0 kg 1 - 

toward the center of the circle. 


The length of the wire is unnecessary information. We could, on 
the other hand, use it to find the radius of the circle, the speed of 
the bob, and the period of the motion. 


ANS. FIG. P6.9 shows the constant 
maximum speed of the turntable and the 
centripetal acceleration of the coin. 

(a) The force of | static friction [ causes 
the centripetal acceleration. 

(b) From ANS. FIG. P6.9, 

mai = fi +nj +mg[- j) 

YjF y =0 =n-mg 

thus, n = mg and 

_ _ v 2 , 

%F r =m— = f =pn =pmg 

Then, 



ANS. FIG.P6.9 




i/ 2 _ (50.0 cm/s) 2 

rg (30.0 cm )(980 cm/s 2 ) 


=| 0.085 0 | 
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P6.10 


We solve for the tensions in the two strings: 

F g =mg =(4.00 kg)( 9 .80 m/s 2 ) =39.2 N 
The angle 6 is given by 

/1.50 mA 


6 =sin 1 


=48.6° 


v2.00 m ) 

The radius of the circle is then 

r =(2.00 m)cos48.6° =1.32 m 
Applying Newton's second law. 


„ _ mV 

£F X =ma x =- 


T, cos 48.6° +T h cos 48.6° 


motion 

ANS. FIG. P6.10 


(4.00 kg)(3.00 m/s) 2 


27 27 N 

T+T. m’ =41.2 N 

cos 48.6° 

£F y =ma y : T a sin48.6°-T b sin 48.6°- 39.2 N =0 

T — 39.2 N 

T.-Tim -- =52.3 N 

3 b sin 48.6° 

To solve simultaneously, we add the equations in T a and T b : 

(T a + T b ) + (T a - T b ) = 41.2 N + 52.3 N 

-r 93.8 N .,_. T 
=-=46.9 N 

a 2 


[ 1 ] 


[ 2 ] 


This means that T b = 41.2 N - T a = -5.7 N, which we may interpret as 
meaning the lower string pushes rather than pulls ! 

The situation is impossible because the speed of the object is too 
small, requiring that the lower string act like a rod and push rather 
than like a string and pull. 


To answer the What if?, we go back to equation [2] above and 
substitute mg for the weight of the object. Then, 

=ma y : T a sin48.6° -T b sin48.6°- mg =0 


T a ~T b 


, (4-00 kg )g 
sin 48.6° 


=5.33g 
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We then add this equation to equation [2] to obtain 
(T b + T b ) + (T a - T b ) = 41.2 N + 5.33g 
or T a =20.6 N +2.67 g and T b =41.2 N -T a =41.2 N-2.67g 

For this situation to be possible, T b must be > 0, or g < 7.72 m/s 2 . This is 
certainly the case on the surface of the Moon and on Mars. 

P6.ll Call the mass of the egg crate m. The forces on it 

are its weight F g = mg vertically down, the ^ n 

normal force n of the truck bed vertically up, „. J_ _ 

and static friction f s directed to oppose relative \enter of curve 

sliding motion of the crate on the truck bed. The F g 

friction force is directed radially inward. It is 
the only horizontal force on the crate, so it 

must provide the centripetal acceleration. A N S. FIG. P6.ll 

When the truck has maximum speed, friction f s 
will have its maximum value with/ s = pn. 

Newton's second law in component form becomes 

£F y =ma y giving n-mg = 0 or n = mg 

YjF x =ma x giving f s = ma r 

From these three equations, 

mv 2 , mv 2 

p s n < — and p s mg < — 

The mass divides out. The maximum speed is then 

\/< Jp/g =^0.600(35.0 m)(9.80 m/s 2 ) ^ v< \ 14.3 m/s"] 


Section 6.2 Nonuniform Circular M otion 

P6.12 (a) The external forces acting on the water are 

[the gravitational force] 

and [the contact force exerted on the water by the pail] 


(b) The | contact force exerted by the pail | is the most important in 
causing the water to move in a circle. If the gravitational force 
acted alone, the water would follow the parabolic path of a 
projectile. 
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P6.13 


6.14 


(c) 


(d) 


(a) 


(b) 


When the pail is inverted at the top of the circular path, it cannot 
hold the water up to prevent it from falling out. If the water is not 
to spill, the pail must be moving fast enough that the required 
centripetal force is at least as large as the gravitational force. That 
is, we must have 

m—>mg or v> Jrg =^(l.00m)(9.80m/s 2 ) = |3.13 m/s| 

If the pail were to suddenly disappear when it is at the top of the 
circle and moving at 3.13 m/s, water would follow the;] 
[parabolic path of a projectile] launched with initial velocity 
components of v xi = 3.13 m/s, v ■ = 0. 

The hawk's centripetal acceleration is 
a J 4 -Q0 **V S ) 2 _rjn 


1.33 m/s 2 | 

The magnitude of the acceleration vector is 

a =yj^ c +4 



ANS. FIG. P6.13 


=-J( 1.33 m/s 2 f +(l.20 m/s 2 )" = | 1,79 m/s 2 "] 
at an angle 


G = 


U U: 


.33 m/s 2 
.20 m/s 2 


= | 48.0° inward | 


We first draw a force diagram that shows 
the forces acting on the child-seat system 
and apply Newton's second law to solve 
the problem. The child's path is an arc of a 
circle, since the top ends of the chains are 
fixed. Then at the lowest point the child's 
motion is changing in direction: He moves 
with centripetal acceleration even as his 
speed is not changing and his tangential 
acceleration is zero. 


ANS. FIG. P6.14 


(a) ANS. FIG. P6.14 shows that the only 

forces acting on the system of child + seat are the tensions in the 
two chains and the weight of the boy: 

rr r mv 2 

2/ =F net =27 -mg =ma = - 
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P6.15 


P6.16 


with 

F net =27 -mg =2(350 N)-(40.0 kg)(9.80 m/s 2 ) =308 N 
solving for v gives 

[F~r 1(308 N)(3.00 m) r—- n 

v =fsT = f 40 0 kg =l 4 - 81m/s l 

(b) The normal force from the seat on the child accelerates the child 
in the same way that the total tension in the chain accelerates the 
child-seat system. Therefore, n=2T =| 700 N . 

See the forces acting on seat (child) in ANS. FIG. P6.14. 

(a) £F=2T-Mg = / '^ 




=f r - M *G) 


(b) n-Mg =F = 


Mi/ 2 


n =Mg + 


Mi/ 2 


(a) We apply Newton's second law at 
point A, with v = 20.0 m/s, 
n = force of track on roller coaster, 
and R = 10.0 m: 

'vc Ml/2 l\/l 

£F=— =n-Mg 
From this we find 
Ml/ 2 



ANS. FIG.P6.16 


n =Mg+—^~ =(500 kg)(9.80 m/s 2 )+- 


(500 kg)(20.0 m / s " 
10.0 m 


n =4 900 N +20 000 N = 2.49 x 10 4 N 


(b) At point B, the centripetal acceleration is now downward, and 
Newton's second law now gives 

'vc ■ a Mia 
^F=n-Mg=—— 
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P6.17 


The maximum speed at B corresponds to the case where the 
rollercoaster begins to fly off the track, or when n = 0. Then, 

-Mg= -f 


which gives 

\/ max =4^9 =^/(l5.0 m)(9.80 m/s 2 ) = | 12.1 m/s~| 

(a) a =— 

r 

^_\f _ (l3.0 m/s) 2 
r ~~a c _ 2(9.80 m/s 2 ) 

(b) Let n be the force exerted by the rail. 

Newton's second law gives 

M Mv " 

Mg+n = - 


= 8.62 m 



n =M [ g ] =M [lg- g) =| Mg, downward | 


, , (l3.0 m/s) r——- T^Tl 

(c) a c , or a r =-— = 8.45 m/s 2 

c r c 20.0 m >- - —> 

(d) If the force exerted by the rail is n v 

M\r 

then ^ +Mg=—^~ =Ma c 

n x =M ( a c - g) which is < 0 since a c = 8.45 m/s 2 


Thus, the normal force would have to point away from the 
center of the curve. Unless they have belts, the riders will fall 
from the cars. 

In a teardrop-shaped loop, the radius of curvature r decreases, 
causing the centripetal acceleration to increase. The speed 
would decrease as the car rises (because of gravity), but the 
overall effect is that the required centripetal force increases, 
meaning the normal force increases—there is less danger if 
not wearing a seatbelt. 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly: 


sible website, in whole or in part. 






















Chapter 6 295 


P6.18 


(a) Consider radial forces on the object, taking inward as positive. 

„ r _ . mv 2 

XF r =ma r : T - mg cosd =—^~ 

Solving for the tension gives 

T „ , mv 2 

T =mg cosd +— — 

=(0.500 kg)(9.80 m/s 2 )cos 20.0° 

+(0.500 kg)(8.00 m/s) 2 /2.00 m 
=4.60 N +16.0 N = |20.6N| 

(b) We already found the radial component of acceleration, 

V 2 (8.00 m/s) 2 rrr-7- — 2 ft -jl 

r r 2.00 m 1 - 1 

Consider the tangential forces on the object: 

XF t =ma t : mg sin 6 =ma t 

Solving for the tangential component of acceleration gives 
4 =gsind =(9.80 m/s 2 )sin20.0° 

= [335 m/s 2 downward tangent to the circle] 

(c) The magnitude of the acceleration is 

a=yl4 +4 =yj( 32.0 m/s 2 ) 2 +( 3.35 m/s 2 ) 2 =32.2 m/s 2 
at an angle of 



Thus, the acceleration is 

[32.2 m/s 2 inward and below the cord at 5.98° | 


(d) | No change] 


(e) 


If the object is swinging down it is gaining speed, and if the object 
is swinging up it is losing speed, but the forces are the same; 
therefore, its acceleration is regardless of the direction of swing. 
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P6.19 


Let the tension at the lowest point be T. From 
Newton's second law, £F =ma and 

__ mv 2 

T -mg =ma c =- 

r= m ( g+ f) 


T = (85.0 kg) 


9.80 m/s 2 + 


(8.00 m/s) 2 
10.0 m 


= 1.38 kN > 1000 N 



A NS. FIG. P6.19 


| He doesn't make it across the river because the vine breaks. 


Section 6.3 M otion i n Accelerated Frames 

P6.20 (a) From ^F x =M a, we obtain 

T 18.0 N i——- 

a =— =--— = 3.60 m/s to the right 

M 5.00 kg 1 -- 1 B 


(b) 

If v = const, a = 0, so T =0 . (This is also an equilibrium 
situation.) 

(c) 


Someone in the car (noninertial observer) claims that the forces 
on the mass along x are T and a fictitious force (- Ma). 




(d) 


Someone at rest outside the car (inertial observer) claims that T 
is the only force on M in the X direction. 


T 

% 

A NS. FIG. P6.20 
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P6.21 


P6.22 


The only forces acting on the suspended object are the 
force of gravity mg and the force of tension T forward 
and upward at angle G with the vertical, as shown in 
the free-body diagram in ANS. FIG. P6.21. Applying 
Newton's second law in the x and y directions. 



£F X =T sin# =ma 

YjF y =T cos 6-mg =0 

[1] 


% 

or 

T cos# =mg 

[2] 

ANS. FIG.P6.21 


(a) Dividing equation [1] by [2] gives 

. a 3.00 m/s 2 „ nn , 

tan# =— =- '—j- =0.306 

g 9.80 m/s 2 


Solving for 6, 0 = | 17.0° | 


(b) 


From equation [1], 

_ ma _ (0.500 kg)(3.00 m/s 2 ) 
sin# sin(l7.0°) 


5.12 N 


In an inertial reference frame, the girl is accelerating horizontally 
inward at 


v 2 _(5.70 m/s) 2 
r 2.40 m 


=13.5 m/s 2 


In her own noninertial frame, her head feels a horizontally outward 
fictitious force equal to its mass times this acceleration. Together this 
force and the weight of her head add to have a magnitude equal to the 
mass of her head times an acceleration of 


Jg 2 =^(9.80 m/s 2 ) 2 +(l3.5 m/s 2 ) 2 =16.7 m/s 2 

This is larger than y by a factor of ^-7 m/s 
5 * y 9.80 m/s 

Thus, the force required to lift her head is larger by this factor, or the 
required force is 

F =1.71(55.0 N) = | 93.8 N | 
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P6.23 


P6.24 


The scale reads the upward normal force exerted by the floor on the 
passenger. The maximum force occurs during upward acceleration 
(when starting an upward trip or ending a downward trip). The 
minimum normal force occurs with downward acceleration. For each 
respective situation, 

YjF y =md y becomes for starting +591 N - mg = +ma 


and for stopping +391 N - mg = -ma 
where a represents the magnitude of the acceleration. 

(a) These two simultaneous equations can be added to eliminate a 
and solve for mg: 

+ 591 N - mg + 391 N - mg = 0 
or 982 N - 2 mg = 0 


F g =mg = 


(b) From the definition of weight, m =^- — ^ ^ ^ 2 = |50.1 kgj 

(c) Substituting back gives +591 N - 491 N = (50.1 kg )a, or 


a = .!?? =12.00 m/s 2 1 


50.1 kg ' 

Consider forces on the backpack as it slides in the Earth frame of 
reference. 


XF y =ma y : -Hi-mg =ma, n =m(g +a), f k =p k m(g +a) 
X F x =ma x : -p k m (g +a) =ma x 


P6.25 


The motion across the floor is described by 
l~=vt+^af =vt-^p k (g+a)f 
We solve for p k : 

vt-L=^p k (g+a)f 


A4 


. 2 (vt-L) 

Jg+aW 


The water moves at speed 

2nr 2 tt(0.120 m) 

v= -=— - 

T 7.25 s 


=0.104 m/s 
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The top layer of water feels a downward force of gravity mg and an 
outward fictitious force in the turntable frame of reference. 


mv 2 

r 


m (0.104 m/s ) 2 
0.12 m 


=m9.01x 10~ 2 


m/s 2 


It behaves as if it were stationary in a gravity field pointing downward 
and outward at 


i f 0.090 1 m/s 2 ^ | - | 

fan 1 9.8 m/s 

Its surface slopes upward toward the outside, making this angle with 
the horizontal. 


Section 6.4 


P6.26 


M otion in the Presence of 
Velocity-Dependent Resistive Forces 


(a) p = ™, A = 0.020 1 m 2 , R =i p aii AD v 2 =mg 

m =p bead V =0.830 g/cm 3 ^(8.00 cm ) 3 j =1.78 kg 

Assuming a drag coefficient of D = 0.500 for this spherical object, 
and taking the density of air at 20°C from the endpapers, we have 

2(l.78 kg)(9.80 m /s 2 ) 

0.500(1.20 kg/m 3 )(0.020 1 m 2 


r = 53.8 m/s 


(b) From \f f =vf +2 gh =0 +2 gh, we solve for h: 

, \4 (53.8 m/s ) 2 ,-, 

h =— =-7 -VU = 148 m 

2 g 2 9.80 m/s 2 1 - 1 


P6.27 With 100 km/h = 27.8 m/s, the resistive force is 


R =^DpAv 2 =|(0.250)(l.20 kg/m 3 )(2.20 m 2 )(27.8 m/s ) 2 
=255 N 


R _ 255 N 

m 1 200 kg 


- 0.212 m/s 2 
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P6.28 Given m = 80.0 kg, v T = 50.0 m/s, we write 


which gives 

=0.314 kg/m 
2 V 2 r bi 

(a) At v = 30.0 m/s, 

a DpAv\/2 =9 / 2 (0.314 kg/m)(30.0 m/s) 2 

m ‘ 80.0 kg 

= [~6.27 m/s 2 downward | 

(b) At v = 50.0 m/s, terminal velocity has been reached. 

lF y =0 =mg~R 

=>R =mg =(80.0 kg)(9.80 m/s 2 ) = | 784 N directed up | 

(c) At v = 30.0 m/s, 

° P ^ =(0.314 kg/m)(30.0 m/s) 2 = | 283 Nupwmd] 

P6.29 Since the upward velocity is constant, the resultant force on the ball is 
zero. Thus, the upward applied force equals the sum of the 
gravitational and drag forces (both downward): 

F = mg + bv 

The mass of the copper ball is 

m= 4^ = ^4^( 8 92xl0 3 kg / m 3)( 2 .00xl0“ 2 mf 
=0.299 kg 

The applied force is then 

F =mg +bv =(0.299 kg)(9.80 m/s 2 ) 

+(0.950 kg/s)(9.00x 10" 2 m/s) 

= r3.01N I 

P6.30 (a) The acceleration of the Styrofoam is given by 

a= g-Bv 
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P6.31 


When v = v T ,a = 0 and g =Bv T —> B =-^~ 

The Styrofoam falls 1.50 m at constant speed v T in 5.00 s. 
Thus, 


W 


h_ _ 1.50m 
At 5.00 s 


=0.300 m/s 


Then 


B =— =^'80 m / s =32 7 . 
v T 0.300 m/s 


(b) At t = 0, v = 0, and a=g = | 9.80 m/s 2 down~| 

(c) When v = 0.150 m/s, 

a=g-Bv 

=9.80 m/s 2 - (32.7 s' 1 )(0.150 m/s) 

= [490 m/s 2 down | 

We have a particle under a net force in the special case of a resistive 
force proportional to speed, and also under the influence of the 
gravitational force. 

(a) The speed v varies with time according to Equation 6.6, 
v =^l(l-e bt/m ) =v T [l- e~ t/T ) 
where v T = mg/b is the terminal speed. Hence, 


2.00 xlO -2 m/s 

(b) To find the time interval for v to reach 0.632u r , we substitute 
v = 0.632y r into Equation 6.6, giving 

0.632u r = v T (l- e~ ht/m ) or 0.368 = c' 0 47 ' 70003 00) 

Solve for t by taking the natural logarithm of each side of the 
equation: 


ln(0.368) = - 


3.00 x 10" 3 


3.00 x 10' 3 
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P6.32 


P6.33 


or t =-^ In (0.368) = | 2.04 x!0~ 3 s | 

(c) At terminal speed, R = v T b = mg. Therefore, 

R =v T b =mg =(3.00x 10' 3 kg)(9.80 m/s 2 ) = | 2.94xl0' 2 hT 

We write 

- kmv 2 =-^DpAv 2 


_DpA _0.305(l.20 kg/m 3 )(4.2xlO -3 m 2 ) 


2m 2(0.145 kg) 

solving for the velocity as the ball crosses home plate gives 
v=Vff» =(40.2 m/ s)e , ““'’ / " ,|I “ m) = | 36.5 m/s 
We start with Newton's second law, 

=ma 

substituting, 

, 2 dv 

-kmv =m — 
dt 

-kdt= d 4 


=5.3xl0“ 3 /m 


-k]dt=\v~ 2 dv 

0 Vi 

integrating both sides gives 

-k[t- 0)=—I 

11 v v 


i=i + «=- 

V V. 


1 

1 +\/.At 
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P6.34 


P6.35 


(a) Since the window is vertical, the normal force is horizontal and is 
given by n = 4.00 N. To find the vertical component of the force, 
we note that the force of kinetic friction is given by 

f k = fi k n = 0.900(4.00 N) = 3.60 N upward 
to oppose downward motion. Newton's second law then becomes 
XF y =ma y : +3.6 N-(0.16 kg)(9.8 m/s 2 ) +P y =0 
P y =-2.03 N = |2.03 N down] 

(b) Now, with the increased downward force, Newton's second law 
gives 

XF y =ma y : 

+3.60 N-(0.160 kg)(9.80 m/s 2 )-1.25(2.03 N) 

=0.160 kg a y 

then 

ay =-0.508 N/0.16 kg =-3.18 m/s 2 = |3.18 m/s 2 down| 

(c) At terminal velocity, 

lF y =ma y : +(20.0 N-s/m)v r -(0.160 kg)(9.80 m/s 2 ) 
-1.25(2.03 N) =0 

Solving for the terminal velocity gives 

v T =4.11 N/(20 N • s/m) = |0.205 m/s down) 

(a) We must fit the equation v = vf ct to the two data points: 

At t = 0, v = 10.0 m/s, so v = vf ct becomes 

10.0 m/s = v/ = (^)(1) 
which gives v t = 10.0 m/s 

At t = 20.0 s,v = 5.00 m/s so the equation becomes 
5.00 m/s = (10.0 m/s)ff c(2a0s) 
giving 0.500 = e~ c(200s) 

or -20.0c =lnf-l -+ c =_Mll J 3.47 X 10’ 2 s" 1 I 

{2J 20.0 1 - 1 

(b) At t = 40.0 s 

v =(l0.0 m/s)e 400c =(l0.0 m/s)(0.250) = | 2.50 m/s | 
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(c) The acceleration is the rate of change of the velocity: 

a =%=^ a =-4 v ie“) 

=H 

Thus, the acceleration is a negative constant times the speed. 

P6.36 In R =^DpA\r , we estimate that the coefficient of drag for an open 
palm is D = 1.00, the density of air is p =1.20 kg/m 3 , the area of an 
open palm is A =(0.100 m)(0.160 m) =1.60 x 10~ 2 m 2 , and v = 29.0 m/s 
(65 miles per hour). The resistance force is then 

R =|(l.00)(l.20 kg/m 3 )(l.60xl0“ 2 m 2 )(29.0 m/s) 2 =8.07 N 
or R ~ | 10 1 N | 


Additional Problems 

P6.37 Because the car travels at a constant speed, it has no tangential 

acceleration, but it does have centripetal acceleration because it travels 
along a circular arc. The direction of the centripetal acceleration is 
toward the center of curvature, and the direction of velocity is tangent 
to the curve. 

Point A 

direction of velocity: | East | 

direction of the centripetal acceleration: | South | 

Point B 

direction of velocity: | South | 

direction of the centripetal acceleration: |West| 

P6.38 The free-body diagram of the passenger is shown in 

ANS. FIG. P6.38. From Newton's second law, ^ 

XF y =ma y 

mv 2 f„ 

n-mg =- * 

ANS. FIG.P6.38 
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P6.39 


P6.40 


which gives 


mv z 

n =mg +- 


=(50 k S )(9.80 m /s0 + (50 -° k |J 19 m/S>2 

= 1.2 xlO 3 N 


The free-body diagram of the rock is 
shown in ANS. FIG. P6.39. Take the 

rf 

x direction inward toward the center 


of the circle. The mass of the rock 

T 

does not change. We know when 
i \ = 2.50 m, v x = 20.4 m/s, and 

^center of curve 
(hole in table) 

Tj = 50.0 N. To find T 2 when 

r 2 - 1.00 m, and v 2 = 51.0 m/s, we 
use Newton's second law in the 
horizontal direction: 

ANS. FIG. P6.39 


1F X 

In both cases. 


T mvi , _ mv\ 
7\ =—- and T 2 =—- 


Taking the ratio of the two tensions gives 


T 2 _\4 F J 

^51.0 m/s V 

/ 2.50 mA 

T t vf r 2 l 

^20.4 m/s J 

ll.OOmJ 


then 

T 2 =15.67! =15.6(50.0 n| = |781N| 

We assume the tension in the string is not altered by friction from the 
hole in the table. 


(a) 


We first convert the speed of the car to SI units: 

v=(30 km/h)f^-t —Vl000_m'j 
' ' 13 600 s Jl, 1km J 

=8.33 m/s 

Newton's second law in the vertical direction 
then gives 


XF y =ma y : 


mv 

+n - mg =- 

r 



ANS. FIG. P6.40 
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Solving for the normal force, 


n 



=| 1.15 xlO 4 Nup 


(b) At the maximum speed, the weight of the car is just enough to 

mv 2 

provide the centripetal force, so n = 0. Then mg =- and 


r 



P6.41 (a) The tree-body diagram in ANS. FIG. P6.40 shows the forces on 


the car in the vertical direction. Newton's second law then gives 








(b) When n = 0, 



A more gently curved bump, with larger radius, allows the car to 
have a higher speed without leaving the road. This speed is 
proportional to the square root of the radius. 


P6.42 The tree-body diagram for the object is 

shown in ANS. FIG. P6.42. The object travels 
in a circle of radius r = L cos 6 about the 
vertical rod. 

Taking inward toward the center of the circle 
as the positive x direction, we have 



T- I- . HIV 

LF X =ma x : n sin 6 =—# 


r 


IF y 


LF y =ma y : 

n cos 0-mg =0 -» n cos G =mg 


ANS. FIG.P6.42 
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P6.43 


Dividing, we find 

nsin0 mv 2 /r n v 2 

n cos 6 gr gr 

Solving for v gives 

v 2 =gr tan d 
v 1 =g(L cos 0)tan 6 
\v=(gL sin 0) 1/2 | 


Let represent the speed of the object at time 0. We have 



Iniz-lni/j =- — (t-0) ha(v/ v ) =- — 
m m 


v / v =e -w/ m 


\v =v i e~ bt/m \ 


P6.44 


From its original value, the speed decreases rapidly at first and then 
more and more slowly, asymptotically approaching zero. 

In this model the object keeps losing speed forever. It travels a 
finite distance in stopping. 

The distance it travels is given by 







As t goes to infinity, the distance approaches 


^(1-0 )=mv,/b. 
b 


The radius of the path of object 1 is twice that of 
object 2. Because the strings are always "collinear," 
both objects take the same time interval to travel 
around their respective circles; therefore, the speed 
of object 1 is twice that of object 2. 


object 1 



The tree-body diagrams are shown in ANS. FIG. 
P6.44. We are given m 1 = 4.00 kg, m 2 = 3.00 kg, 
v = 4.00 m/s, and t =0.500 m. 


object 2 



ANS. FIG. P6.44 
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P6.45 


Taking down as the positive direction, we have 
__ m, y 2 

Object 1: T 1 +m 1 g = where v 1 = 2v, r 2 =21. 


Object 2: T 2 - T, +m 2 g = 2 2 , where v 2 = u, r 2 =21 
^2 

(a) From above: 


_ m.Vi f v 2 

=m,lg 


T x =(4.00 kg) 


[2(4.00 m/s)] 2 
2(0.500 m) 


■9.80 m/s 2 


T ; =216.8 N = | 217 N | 

(b) From above: 

_ _ , m 2 v\ 

T 2 =T 2 H— —~m 2 g 


T 2 = Ti +m 2 \ -y-- g 


t 2 =T, +(3.00 kg) 


(4.00 m/s) 2 
0.500 m 


1 m/s 2 


T 2 = 216.8 N + 66.6 N = 283.4 N = 283 N 


(c) [From above, 7~ 2 >T, always, so string 2 will break first. | 

(a) At each point on the vertical circular path, 
two forces are acting on the ball (see ANS. 

FIG. P6.45): 

(1) [The downward gravitational force] 
with constant magnitude F g = mg 


( 2 ) 


The tension force in the string, 
always directed toward the 
center of the path 


ANS. FIG. P6.45 
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P6.46 


(b) ANS. FIG. P6.45 shows the forces acting on the ball when it is at 
the highest point on the path (left-hand diagram) and when it is 
at the bottom of the circular path (right-hand diagram). Note that 
the gravitational force has the same magnitude and direction at 
each point on the circular path. The tension force varies in 
magnitude at different points and is always directed toward the 
center of the path. 


(c) 


At the top of the circle, F c = mv /r=T + F g , or 

_ mv 2 


_ m\r 

— F„ =- mg 


=m (H 


=(0.275 kg) 


(5.20 m/s] 


--9.80 m/s 2 


= |6.05 N| 


(d) At the bottom of the circle, F c = mv 2 /r = T-F g = T- mg, and 
solving for the speed gives 

V >=L(T- mg )= r (L- g ] and ,-Jrg-g) 

If the string is at the breaking point at the bottom of the circle, 
then T = 22.5 N, and the speed of the object at this point must be 


v= (0.850 m)| 


22.5 N 
0.275 kg 


-9.80 m/s' 


; j = |7.82 m/s | 


The free-body diagram is shown on the 
right, where it is assumed that friction 
points up the incline, otherwise, the child 
would slide down the incline. The net force 
is directed left toward the center of the 
circular path in which the child travels. The 
radius of this path is R =dcos6. 

Three forces act on the child, a normal 
force, static friction, and gravity. The 
relations of their force components are: 



1^: 

f s cos 6- n sin 6 =mv 2 /R 

[1] 

IF y : 

f s sin 6 +n cos 6-mg =0 —> 
f s sin 6 +n cos 6 =mg 

[2] 


Solve for the static friction and normal force. 
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To solve for static friction, multiply equation [1] by cos 6 and equation 
[2] by sin 0and add: 

cos#[ f s cos0-nsin0] +sin 0[ f s sin0-ncos 6 ] 


=cos0| ] +sin d[mg) 


(mv 2 \ 

w 


f s =mg sin 0 + —— cos# 


To solve for the normal force, multiply equation [1] by -sin 0and 
equation [2] by cos 6 and add: 

-sin#[ f s cos6-nsmd] +cos#[ f s sind-ncosd ] 


n =mgcosd- 


(mv 2 ) . 

M S1 


-j+cos0(mg) 


In the above, we have used sin 2 6 +cos 2 6 =1. 

If the above equations are to be consistent, static friction and the 
normal force must satisfy the condition f s </i s n; this means 

(mg) sin 6 +(mv 2 /R )cos 0 < p s [(mg) cos 0- (mv 2 /R) sin 6] — > 
\/ 2 (cos 6 +p s sin 6 ) < g R ( p s cos 6 - sin 6) 

Using this result, and that R = d cos 6, we have the requirement that 


gdcos 0(p s cos 0 - sin 6) 
(cos 6 +jU s sin0) 


If this condition cannot be met, if v is too large, the physical situation 
cannot exist. 

The values given in the problem are d = 5.32 m, ji s = 0.700, 6 = 20.0°, 
and v = 3.75 m/s. Check whether the given value of v satisfies the 
above condition: 

'(9.80 m/s 2 )(5.32 m)cos20.0°[(0.700)cos20.0°- sin20.0°] 
(cos20.0° + 0.700 sin20.0°) 

=3.62 m/s 


The situation is impossible because the speed of the child given 
in the problem is too large: static friction could not keep the child 
in place on the incline. 
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P6.47 


(a) The speed of the bag is 

In (7.46 m) „ , 

—--- =1.23 m/s 

38 s ' 

The total force on it must add to 

mv 2 





ANS. FIG.P6.47 


(30 kg)(1.23 m/s) 2 


=6.12 N 


7.46 m 

Newton's second law gives 

£F X =ma x : f s cos20.0°-nsin20.0° =6.12 N 
Y,F y =ma y : f s sin20.0°+n cos 20.0° 

-(30.0 kg)(9.80 m/s 2 )=0 
Solving for the normal force gives 
T cos 20.0°-6.12 N 


sin 20.0° 


Substituting, 


, ■ n o , ^ cos 20.0° /. - T \cos20.0° xT 

f q sm20.0° + f, __ -(6.12 N) __ =294 N 


’ sin 20.0° 
f s (2.92) =294 N+16.8 N 

f s = 1 106 N | 

(b) The speed of the bag is now 

2tt (7.94 m) , ^ , 

34 s 1 

which corresponds to a total force of 

mv 2 

ma r =- 

r 

_(30kg)(l.47m/ S ) 2 _ s 
7.94 m 

Newton's second law then gives 
f s cos 20 -n sin 20 =8.13 N 
/j sin 20 +ncos20 =294 N 
Solving for n, 

f s c os20.0°-8.13N 
sin 20.0° 


sin 20.0° 
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P6.48 


P6.49 


Substituting, 


f q sin20.0° + f, C ° S , 2Q :° 0 ° ~(8-13 N) COS ? 0 '°° =294 N 


’ sin 20.0° 
f s { 2.92) =294 N +22.4 N 
f s =108 N 

(108 N)cos20.0°-8.13 N 


sin 20.0° 


/4 = 


sin 20.0' 
t 108 N 


n 273 N 
When the cloth is at a lower 
angle 6, the radial component 
of =ma reads 


=| 0.396 | 


m\r 

r 



;ngsin68° 


mgcos68° 


A NS. FIG. P6.48 


n +mg sind = 

At 6 =68.0°, the normal force 

\r 

drops to zero and gfsin 68° =—: 

v =^]rgsm 68° =^(0.33 m)(9.8 m/s 2 )sin68° =1.73 m/s 
The rate of revolution is 

angular speed =(l.73 


0.835 rev/s =50.1 rev/min 


The graph in Figure 6.16b is 
shown in ANS. FIG. P6.49. 

(a) The graph line is straight, 
so we may use any two 
points on it to find the 
slope. It is convenient to 
take the origin as one 
point, and we read 
(9.9 m 2 /s 2 ,0.16 N) as the 
coordinates of another 
point. Then the slope is 

0.160 N-0 | n ni , » ,—7— 
S ° pe = 9.9 m 2 /s 2 H °- 016 2 k S/ m 



Terminal speed squared (m/s) 2 

ANS. FIG. P6.49 
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(b) In R =—DpA\f, we identify the vertical-axis variable as R and 
the horizontal-axis variable as v 2 . Then the slope is 
lDpAv 2 


slo P e =~ 


\DpA 


(c) We follow the directions in the problem statement: 
^DpA =0.0162 kg/m 

2(0. 01 62 kg/m ) 

(1.20 kg/m 3 )^(0.105m) 1 - 


(d) From the table, the eighth point is at force 

mg =8(l.64xl0“ 3 kg)(9.80 m/s 2 ) =0.129 N 

and horizontal coordinate (2.80 m/s) 2 . The vertical coordinate of 
the line is here 


(0.0162 kg/m)(2.80 m/s) 2 =0.127 N 


The scatter percentage is 
0.129 N - 0.127 N 


(e) The interpretation of the graph can be stated thus: 

For stacked coffee filters falling at terminal speed, a graph 
of air resistance force as a function of squared speed 
demonstrates that the force is proportional to the speed 
squared within the experimental uncertainty estimated 
as 2%. This proportionality agrees with that described by 

the theoretical equation R =^DpAv 2 . The value of the 

constant slope of the graph implies that the drag 
coefficient for coffee filters is D =0.78 ±2%. 
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P6.50 


P6.51 


(a) The forces acting on the ice cube are the Earth's gravitational 
force, straight down, and the basin's normal force, upward and 
inward at 35.0° with the vertical. We choose the x and y axes to be 
horizontal and vertical, so that the acceleration is purely in the x 
direction. Then 

£F X =ma x : n sin 35° =mv 2 /R 
'ZFy =ma y : n cos 3 5°-mg =0 
Dividing eliminates the normal force: 
n sin 35.0 °/n cos 35.0° =mv 2 /R mg 
tan 35.0° = v 2 /Rg 
v =^Rg tan35.0° =^(6.86 m/s 2 )r 


(b) [The mass is unnecessary.| 

(c) The answer to (a) indicates that the speed is proportional to the 
square root of the radius, so [increasing the radius will make the| 
[required speed increase] 


(d) The period of revolution is given by 


2 nR 


2 nR 


v ^/Rgtan35.0‘ 


=( 2.40 s/V^)Vr 


(e) 


| When the radius increases, the period increases^] 

On a larger circle, the ice cube's speed is proportional to 4R but 
the distance it travels is proportional to R, so the time interval 
required is proportional to R/ VR =a/R. 


Take the positive x axis up the hill. Newton's second law in the x 
direction then gives 

XF x =ma x : +T sin 6- mg siruj) =ma 


from which we obtain 


a =—sin0- gfsinp 
m 

In the y direction, 

X F y =ma y : +T cos 6 - mg cos (f) =0 


[ 1 ] 
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P6.52 


P6.53 


Solving for the tension gives 
\_mg costf 
cos 6 

Substituting for T from [2] into [1] gives 

gc osdsin# . , 
a=- --- gsiruj) 


[ 2 ] 


a= g(cos0tan0-sin0) 


(a) We first convert miles per hour to feet per second: 


V =(300 mi/h)( 88 '° ^ I =440 ft/s at the top of the loop 
^60.0 mi/h J 

and v = 450 mi/h = 660 ft/s at the bottom of the loop. 

At the lowest point, his seat exerts an upward force; therefore, his 
weight seems to increase. His apparent weight is 

c , , M 2 „ nn ( 1601b ^(660 ft/s) 2 |-Sr-, 

f; = mg +m - =160 ib 

(b) At the highest point, the force of the seat on the pilot is directed 
down and 

c , M 2 f 1601b (440 ft/s f |-—n 

f; = mg -m T =160 JHzoinr 


Since the plane is upside down, the seat exerts this downward 
force as a normal force. 


(c) 


(a) 


When F' =0, then mg =—^—. If we vary the aircraft's R and v 
such that this equation is satisfied, then the pilot feels weightless. 


The only horizontal force on the car is the force of friction, 
with a maximum value determined by the surface roughness 
(described by the coefficient of static friction) and the normal 
force (here equal to the gravitational force on the car). 


(b) From Newton's second law in one dimension. 


=ma x : - f =ma 


a =-— =liA-i/; 


'o)/4* 
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solving for the stopping distance gives 


(l 200 kg)[0 2 -(20.0 m/s 


(c) Newton's second law now gives 


1200 kg)(20.0 m/s) 2 


A top view shows that you can avoid running into the wall by 
turning through a quarter-circle, if you start at least this far away 
from the wall. 

(d) Braking is better. You should not turn the wheel. If 
you used any of the available friction force to change 
the direction of the car, it would be unavailable to 
slow the car, and the stopping distance would be 
longer. 

(e) The conclusion is true in general. The radius of the curve you 
can barely make is twice your minimum stopping distance. 

(a) Since the object of mass m 2 is in equilibrium, £F y =T -m 2 g =0 


(b) The tension in the string provides the required centripetal 
acceleration of the puck. 


Thus, F c =T = | m 2 g | . 


(c) From F c =- 
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P6.55 


(d) [The puck will spiral inward, gaining speed as it does so.| It gains 
speed because the extra-large string tension pulls at an angle of 
less than 90° to the direction of the inward-spiraling velocity, 
producing forward tangential acceleration as well as inward 
radial acceleration of the puck. 

(e) [The puck will spiral outward, slowing down as it does so.| 

(a) The gravitational force exerted by the 
planet on the person is 

mg = (75.0 kg) (9.80 m/s 2 ) 

= 1735 N | down 

Let n represent the force exerted on the 
person by a scale, which is an upward 
force whose size is her "apparent 
weight." The true weight is mg down. 

For the person at the equator, summing 
up forces on the object in the direction towards the Earth's center 
gives =ma: 


rotation axis 



ANS. FIG. P6.55 


mg - ft = ma c 

where a c = v 2 /R E = 0.033 7 m/s 2 

is the centripetal acceleration directed toward the center of the 
Earth. 

Thus, we can solve part (c) before part (b) by noting that 
n = m(g - a c ) < mg 
(c) or mg = n + ma c > n. 

The gravitational force is greater. The normal force is smaller, 
just as one experiences at the top of a moving ferris wheel. 

(b) If m = 75.0 kg and g = 9.80 m/s 2 , at the equator we have 

n = m(g - a c ) = (75.0 kg)(9.800 m/s 2 - 0.033 7 m/s 2 ) = 1732 N | 
P6.56 (a) v = + kx implies the acceleration is 

| a =*-0 +k *-H*J 

at dt 
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P6.57 


(b) The total force is 

X F =ma =m{+kv) 

As a vector, the force is parallel or antiparallel to the velocity: 

I £F =kmv I 


(c) 


(d) 


For k positive, some feedback mechanism could be used to 
impose such a force on an object for a while. The object's 
speed rises exponentially. 


For k negative, think of a duck landing on a lake, where the 
water exerts a resistive force on the duck proportional to its 
speed. 


(a) As shown in the free-body diagram on the right, the mass at the 
end of the chain is in vertical equilibrium. Thus, 

T cos # =mg [1] 


Horizontally, the mass is accelerating 
toward the center of a circle of radius r: 


T sin# =ma r = 


[ 2 ] 


Here, r is the sum of the radius of the 
circular platform R = D/2 = 4.00 m 
and 2.50 sin#: 

r =(2.50 sin# +4.00) m 
r=[ 2.50 sin 28.0°+4.00) m 
=5.17 m 

We solve for the tension T from [1]: 

T cos# =mg^T =-^~ 
cos# 

and substitute into [2] to obtain 


forces on seat 


forces on child 

ANS. FIG. P6.57 


g gr 

i/ 2 =grtan# =(9.80 m/s 2 )(5.17 m)(tan28.0°’ 


v=\ 5.19 m/s 
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P6.58 


P6.59 


(b) The free-body diagram for the child is shown in ANS. FIG. P6.57. 
t = jng_ _ (40.0kg)(9.80ih/s 3 | 


(c) 


cos 6 


cos 28.0° 


(a) The putty, when dislodged, rises and returns to the original level 

2v 

in time t. To find f, we use v f = u, + at: i.e., -v = + v - gt or t =—, 

f g 

where v is the speed of a point on the rim of the wheel. 

. , ,. , , , 27 iR . 2v 2nR 

If R is the radius of the wheel, v =-, so t =— =- . 

t g v 

Thus, v 2 =nRg and v = | ^//r/Rgr| . 

(b) The putty is dislodged when F, the force holding it to the wheel. 




_ mv |- 1 

F=_ = | mng \ 

(a) The wall's normal force pushes inward: 

^inward ^^inward 

becomes 

_mv 2 _m(2nR Y _4n 2 Rm 

n —R--R{—j r~ 

The friction and weight balance: 

^'j ^upward ^^upward 

becomes 

+/- mg = 0 

so with the person just ready to start sliding down, 

fs = Fs n = m 8 

Substituting, 

47 z 2 Rm 

=m 9 



ANS. FIG. P6.59 


Solving, 


4n 2 Rp s 
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gives 



(b) The gravitational and friction forces 
remain constant. (Static friction adjusts 
to support the weight.) The normal 
force increases. The person remains in 
motion with the wall. 

(c) The gravitational force remains constant. 
The normal and friction forces decrease. 
The person slides relative to the wall and 
downward into the pit. 

P6.60 (a) 


f(s) 

d (m) 

f(s) 

d (m) 

1.00 

4.88 

11.0 

399 

2.00 

18.9 

12.0 

452 

3.00 

42.1 

13.0 

505 

4.00 

43.8 

14.0 

558 

5.00 

112 

15.0 

611 

6.00 

154 

16.0 

664 

7.00 

199 

17.0 

717 

8.00 

246 

18.0 

770 

9.00 

296 

19.0 

823 

10.0 

347 

20.0 

876 
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P6.61 


(b) 



(c) A straight line fits the points from t = 11.0 s to 20.0 s quite 
precisely. Its slope is the terminal speed. 


876 m-399 m r-—-—, 

V T =slope =-= 53.0 m/s 

' r Iddo. 11 (In _ ' _ 


20.0 s-11.0 s 

(a) If the car is about to slip down the incline,/is directed up the 
incline. 

=ncos6 + f sin 0-mg =0 
where f = pjn. Substituting, 

_ mg 

cos#(l +p s tanO) 


and f = 


J^mg 


cos0(l +p s tanO) 

Then, ^F x =n sin0- fcosG =m- 
yields 


Rg(tanQ - p 5 ) 


1 +p s tand 


When the car is about to slip up the 
incline,/is directed down the incline. 
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P6.62 


Then, 

=ncos6- f sinO-mg =0, with f =p<n 
This yields 

mg , , p s mg 

cos0(l-jL4tan0) cos0 1- p s tand) 


In this case, £ F x =n sin 6 + f cos 6 =m -jjjp-, which gives 


Rg(tand +p s ) 


1 - p s tand 


(b) If \/ m , n = 


Rg(tan0- p s ) 

1 +jU s tan0 


=0, then p s =tan0 . 


There are three forces on the child, a vertical normal force, 
a horizontal force (combination of friction and a horizontal 
force from a seat belt), and gravity. 

XF x : F s =mv 2 /R 

X/y n-mg=0^n=mg 


F, 


The magnitude of the net force is 

fnet =\l( mv2 / R f +W 

with a direction of 

-i r mg 

e =tan - YJ 

[mv 2 /I 

For m = 40.0 kg and R = 10.0 m: 


A NS. FIG. P6.62 


*-»-[$] 


above the horizontal 


(40.0 kg)(3.00 m/s) 2 


10.0 m 


+[(40.0 kg)(9.80 m/s 2 )] 2 


direction: 0 =tan 1 


(9.80 m/s 2 )(l0.0 m) 


(3.00 m/s) 2 


\6 =84.7°| 
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P6.63 The plane's acceleration is toward the 
center of the circle of motion, so it is 
horizontal. The radius of the circle of 
motion is (60.0 m) cos 20.0° = 56.4 m and 
the acceleration is 

v 2 (35 m/s) 2 

a c =7 =i 56Th7 

=21.7 m/s 2 

We can also calculate the weight of the 
airplane: 

F g = mg 

= (0.750 kg) (9.80 m/s 2 ) 

= 7.35 N 

We define our axes for convenience. In this case, two of the forces— 
one of them our force of interest—are directed along the 20.0° line. We 
define the x axis to be directed in the +T direction, and the y axis to be 
directed in the direction of lift. With these definitions, the x component 
of the centripetal acceleration is 

a cx = a c cos 20.0° 

and 1F X = ma x yields T + F g sin 20.0° = ma cx 
Solving for T, 

T = ma cx - F^sin 20.0° 

Substituting, 

T = (0.750 kg)(21.7 m/s 2 ) cos 20.0° - (7.35 N) sin 20.0° 
Computing, 

T = 15.3 N - 2.51 N = |12.8N| 

*P6.64 (a) While the car negotiates the curve, the 

accelerometer is at the angle 8. 

Horizontally: T sin (9 =^y— 

Vertically: T cos 0 =mg 

where r is the radius of the curve, and v is the 
speed of the car. 

ANS. FIG. P6.64 
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By division, tan0 =- 


a c =— =g tan0: 
a c =(9.80 m/s 2 )tanl5.0° 


a c = | 2.63 m/s | 

t/ 2 (23.0 m/s) 2 I--— 

(b) r=— gives 'S» 2 . 63m/s2 =[Ml 

(c) v 2 =rgtand =(201 m)(9.80 m/s 2 ) tan 9.00° 


Challenge Problems 

P6.65 We find the terminal speed from 


— 


where exp(x) = e is the exponential function. 


At t = 5.54 s: 0.500 V T =V T \ 1 - exp 


eJ -** 54 ’> 1-0500 

9.00 kg J 


=ln 0.500 =-0.693 


(9.00 kg)(0.693) _i 13 kg /g 
5.54 s h/ 
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(a) From v T =^-, we have 
b 


_(9.00kg)(9.80 m /s : 
1.13 kg/s 


■ = 78.3 m/s 


(b) We substitute 0.750v T on the left-hand side of equation [1]: 
0.750^ 


and solve for t: 


exp 


=H^1 = o. 2 

9.00 s ) 


t= 9.00(ln0.250) s= ^ 


-1.13 

(c) We differentiate equation [1] with respect to time. 


dx (mg\[ 

f 

Mil 

dt { b )[ 

-exp^ 

-mJJ 

then, integrate both sides 


x 0 ov b j 

if- f~bt 

1-exp — 

l V m 

mgt , 
x ~ x °b 

J m V 
W 

| eX P^" 

mgt 

/mV 

[ 6XP ( 

-t h 



x =(9.00 kg)(9.80 m/s : 


1.13 kg/s 

(9.00 kg) 2 (9.80 m /i 


(1.13 kg/s) 2 
x =434 m 4-626 m(-0.500) = | 121 m~] 


exp(-0.693)-l] 
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P6.66 


P6.67 


(a) From Problem 6.33, 
dx i 


dt 1 +v i kt 

). dt It vkdt 

\dx = \v -= f —- 

i o 1 +v i kt ki 1 +v j kt 

< =£ ta (l HI 

X-0=^[ln(l+!/,&)-In l] 
x=^ln(l +\/ f At) 


(b) We have ln(l +v;.*t) =kx 
l+v i kt=& x so \/ = 


1+utt 


% = | v j e kx =y] 


Let the x axis point eastward, the y axis upward, and the z axis point 
southward. 


(a) The range is Z : 


_ vf sin 20, 

g 


The initial speed of the ball is therefore 
/(9.80 m/s 2 )(285 m) 


sin 26, 


sin 96.0° 


=53.0 m/s 


The time the ball is in the air is found from Ay = V jy t +— a y t 2 as 
0 =(53.0 m/s)(sin48.0°)t-(4.90 m/s 2 )f 


(b) V, 


giving t = | 8.04 s | . 

InRgCOSfj), _27t(6.37x 10 6 m)cos35.0° 


=| 379 m/s 


(c) 360° of latitude corresponds to a distance of 2 nR e , so 285 m is a 

change in latitude of 


285 m 

2^(6.37xl0 6 m' 
=2.56 xl0“ 3 degrees 


A H^i (360 ‘H 


(360°] 
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P6.68 


The final latitude is then 

4> f =(h - \(p =35.0°- 0.002 56° =34.997 4° 

The cup is moving eastward at a speed 
_27rR e cos0 f 
Vxf 86 400 s 

which is larger than the eastward velocity of the tee by 
f 2 kR b 


AV y =V yf -V y : 


2 nR p 


1 86 400 


-j[cos0 f - 


COS (/); 


86 400 s 


[ cos (</> - A(j )) - cos (j>i ] 


=[ ^~ K ^ e |[cos0yCOsA0 +sin</>,sinA0-cos0 / ] 


^86 400 s ) 

Since A<j> is such a small angle, cos A <j> ~ 1 and 
f 2 nR e 


Aw 


l 


sind, sin A0 


86 400 s 
2^(6.37 x 10 6 m) 


86 400 s 


sin 35.0 °sin 0.002 56° 


1.19 xl0“ 2 m/s 


(d) Ax =(Av x )t =(l.l9xl0“ 2 m/s)(8.04 s) =0.095 5 m = | 9.55 cm | 

(a) We let R represent the radius of the hoop and T represent the 
period of its rotation. The bead moves in a circle with radius 
r=R sin 6 at a speed of 
_2nr _2nRsin6 

\ o 


v = 


T T 

The normal force has an inward radial 
component of n sin 6 and an upward component 
of ncos6. 

£F y =ma y : ncosG-mg =0 


mg 


A NS. FIG. P6.68 
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P6.69 


Then X F x =n sin0 =m— 

becomes 

{ mQ lsin0- m 

f InR sin0Y 

ycosO ) R sin0 

l T ) 

which reduces to _ 

4ji 2 R sin0 

COS0 

T 2 


This has two solutions: sin0 =0 => 0 =0° 

gT 2 

and cos0 =— 

4 k 2 R 


If R = 15.0 cm and T = 0.450 s, the second solution yields 
(9.80 m/s 2 )(0.450 s) 2 

cos 0=1--r—— =0.335 or 0=70.4° 

4;r 2 0.150 m 


[ 1 ] 

[ 2 ] 


Thus, in this case, the bead can ride at two positions: | 0 =70.4°~| 
and | 0 =0° | . 

(b) At this slower rotation, solution [2] above becomes 
(9.80 m/s 2 ) (0.850 s f 

cos 0 =--\-=1.20, which is impossible. 

47T 2 (0.150 m) F 


In this case, the bead can ride only at the bottom of the loop. 


(c) 

There is only one solution for (b) because the period is too large. 




(d) 

The equation that the angle must satisfy has two solutions 
whenever Ak 2 R > gT 2 but only the solution 0° otherwise. 
The loop's rotation must be faster than a certain threshold 
value in order for the bead to move away from the lowest 
position. Zero is always a solution for the angle. 





(e) 

From the derivation of the solution in (a), there are never more 

than two solutions. 


At terminal velocity, the accelerating force of gravity is balanced by 
friction drag: 

mg =arv +br z v 2 
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(a) With r = 10.0 /on, mg =(3.10 x 10“ 9 ) v +( o .870 x 10' 10 ) v 2 
For water, m =pV =1000 kg/m 3 j^;r(l0“ 5 m) 3 j 

mg =4.11 xlO" 11 =(3.10x 10“ 9 )t/ +(o.870 x 10“ 10 ) v 2 

Assuming v is small, ignore the second term on the right hand 
side: | V =0.013 2 m/s | 

(b) With r = 100 /on, mg =(3.10 x 10" 8 ) v +( o .870 x 10" 8 ) v 2 

Here we cannot ignore the second term because the coefficients 
are of nearly equal magnitude. 

mg =4.11 xlO" 8 =(3.10 x 10“ 8 ) \/ +(0.870 x 10“ 8 ) \/ 2 

Taking the positive root. 



(c) With r = 1.00 mm, mg =(3.10 x 10“ 7 ) v +( o .870 x 10“ 6 ) v 2 

Assuming v>\ m/s, and ignoring the first term: 

4.11 x 10" 5 =(o.870 x 10' 6 ) v 2 v = | 6.87 m/s | 

P6.70 At a latitude of 35°, the centripetal acceleration of a plumb bob is 

directed at 35° to the local normal, as can be seen from the following 
diagram below at left. 

Therefore, if we look at a diagram of the forces on the plumb bob and 
its acceleration with the local normal in a vertical orientation, we see 
the second diagram in ANS. FIG. P6.70: 
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ANS. FIG. P6.70 


We first find the centripetal acceleration of the plumb bob. The first 
figure shows that the radius of the circular path of the plumb bob is 
R cos 35.0°, where R is the radius of the Earth. The acceleration is 


a c 


_ v 2 _\(2 *rrY _4 n 2 r _ 4tt 2 K cos 35.0° 
r r{ T J T 2 T 2 


4n 2 (6.37 x 10 6 m)cos35.0° 
(86 400 s) 2 


= 0.027 6 m/s 2 


Apply the particle under a net force model to the plumb bob in both x 
and y directions in the second diagram: 

X: T sin</> =ma c sin35.0° 
y. mg -T cos </> =ma c cos 35.0° 


Divide the equations: 

a r sin 35.0° 


tanq = 


g- a c cos 35.0° 

(o.027 6 m/s 2 )sin35.0° 


tan<t> 9.80 m/s 2 - (o.027 6 m/s 2 )cos35.0' 
(j) = tan -1 (1.62 x 10“ 3 ) = |0.092 8°| 


= 1.62 xlO -3 
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lNSWERS to even-numbered problems 


P6.2 

P6.4 

P6.6 

P6.8 

P6.10 

P6.12 

P6.14 

P6.16 

P6.18 

P6.20 


P6.22 

P6.24 

P6.26 

P6.28 

P6.30 

P6.32 

P6.34 

P6.36 

P6.38 

P6.40 

P6.42 


(a) 1.65 x 10 3 m/s; (b) 6.84 x 10 3 s 
215 N, horizontally inward 

(a) (-0.233i + 0.163j) m/s 2 ; (b) 6.53 m/s, (-0.181i + 0.181j) m/s 2 
(a) (68.6 N) i + (784 N) j; (b) fl = 0.857 m/s 2 

The situation is impossible because the speed of the object is too small, 
requiring that the lower string act like a rod and push rather than like 
a string and pull. 

(a) the gravitational force and the contact force exerted on the water by 
the pail; (b) contact force exerted by the pail; (c) 3.13 m/s; (d) the water 
would follow the parabolic path of a projectile 

(a) 4.81 m/s; (b) 700 N 
(a) 2.49 x 10 4 N; (b) 12.1 m/s 

(a) 20.6 N; (b) 32.0 m/s 2 inward, 3.35 m/s 2 downward tangent to the 
circle; (c) 32.2 m/s 2 inward and below the cord at 5.98°; (d) no change; 
(e) acceleration is regardless of the direction of swing 

(a) 3.60 m/s 2 ; (b) T = 0; (c) noninertial observer in the car claims that 
the forces on the mass along x are T and a fictitious force (-Ada); (d) 
inertial observer outside the car claims that T is the only force on M in 
the x direction 

93.8 N 

2 (vt~L) 

(g+a)f 

(a) 53.8 m/s; (b) 148 m 

(a) 6.27 m/s 2 downward; (b) 784 N directed up; (c) 283 N upward 
(a) 32.7 s _1 ; (b) 9.80 m/s 2 down; (c) 4.90 m/s 2 down 
36.5 m/s 

(a) 2.03 N down; (b) 3.18 m/s 2 down; (c) 0.205 m/s down 

10 4 N 

1.2 x 10 3 N 

(a) 1.15 x 10 4 N up; (b) 14.1 m/s 
See Problem 6.42 for full derivation. 
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P6.44 (a) 217 N; (b) 283 N; (c) T 2 > T 1 always, so string 2 will break first 

P6.46 The situation is impossible because the speed of the child given in the 
problem is too large: static friction could not keep the child in place on 
the incline 

P6.48 0.835 rev/s 

P6.50 (a) v = A /Rgtan 35.0° =^(6.86 m/s 2 )r ; (b) the mass is unnecessary; 

(c) increasing the radius will make the required speed increase; (d) 
when the radius increases, the period increases; (e) the time interval 
required is proportional to R / -JR =J~R 

P6.52 (a) 1 975 lb; (b) -647 lb; (c) When F' =0, then mg =^~. 


P6.54 


(a) (b) (c) 



gR ; (d) The puck will spiral inward, gaining 


speed as it does so; (e) The puck will spiral outward, slowing down as 
it does so 


P6.56 (a) a = +kv; (b) X F =kmv ; (c) some feedback mechanism could be used 

to impose such a force on an object; (d) think of a duck landing on a 
lake, where the water exerts a resistive force on the duck proportional 
to its speed 

P6.58 (a) JnRg ; (b) mng 

P6.60 (a) See table in P6.60 (a); (b) See graph in P6.60 (b); (c) 53.0 m/s 

P6.62 84.7° 

P6.64 (a) 2.63 m/s 2 ; (b) 201 m; (c) 17.7 m/s 

P6.66 (a) x=^ln(l +v j kt); (b) v=v j e kx 

P6.68 (a) 6 = 70.4° and 6 = 0°; (b) 9 = 0°; (c) the period is too large; (d) Zero 

is always a solution for the angle; (e) there are never more than two 
solutions 

P6.70 0.092 8° 
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Energy of a System 


CHAPTER OUTLINE 


7.1 Systems and Environments 

7.2 Work Done by a Constant Force 

7.3 The Scalar Product of Two Vectors 

7.4 Work Done by a Varying Force 

7.5 Kinetic Energy and the Work-Kinetic Energy Theorem 

7.6 Potential Energy of a System 

7.7 Conservative and Nonconservative Forces 

7.8 Relationship Between Conservative Forces and Potential Energy 

7.9 Energy Diagrams and Equilibrium of a System 


* An asterisk indicates a question or problem new to this edition.) 


lNSWERS to objective questions 


0Q7.1 Answer (c). Assuming that the cabinet has negligible speed during the 
operation, all of the work Alex does is used in increasing the 
gravitational potential energy of the cabinet-Earth system. However, in 
addition to increasing the gravitational potential energy of the cabinet- 
Earth system by the same amount as Alex did, John must do work 
overcoming the friction between the cabinet and ramp. This means 
that the total work done by John is greater than that done by Alex. 

OQ7.2 Answer (d). The work-energy theorem states that W net =AK =K f - K r 
Thus, if W np . = 0, then K f — /C or — mv 2 f -—mvf, which leads to the 

net t , 2 2 

conclusion that the speed is unchanged (v f = v). The velocity of the 
particle involves both magnitude (speed) and direction. The work- 
energy theorem shows that the magnitude or speed is unchanged 

333 
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when W net = 0, but makes no statement about the direction of the 
velocity. 

OQ7.3 Answer (a). The work done on the wheelbarrow by the worker is 
1/1/ =(Fcos 6)AX =(50 N)(5.0 m) =+250 J 

OQ7.4 Answer (c). The system consisting of the cart's fixed, initial kinetic 

energy is the mechanical energy that can be transformed due to friction 
from the surface. Therefore, the loss of mechanical energy is 
AF mech =- f k d =-(6 N)(0.06 m) =0.36 J. This product must remain the 
same in all cases. For the cart rolling through gravel, -(9 N )(d) = 0.36 J 
tells us d = 4 cm. 

OQ7.5 The answer isa>b = e>d>c. Each dot product has magnitude 

(l)-(l)-cos 6, where 6 is the angle between the two factors. Thus for (a) 
we have cos 0 = 1. For (b) and (e), cos 45° = 0.707. For (c), cos 180° = -1. 
For (d), cos 90° = 0. 

OQ7.6 Answer (c). The net work needed to accelerate the object from v = 0 to 
v is 

I/I L =KE lf - KE i; =-mv 2 --m(0) 2 =-mv 2 
1 if V 2 2 2 

The work required to accelerate the object from speed v to speed 2v is 
W 2 =KE 2f -KE 2i =^m(2v) 2 - ^mv 2 
=^m(4v 2 -v 2 )=3^mv 2 ^j =31/1 /\ 

0 Q 7.7 Answer (e). As the block falls freely, only the conservative 

gravitational force acts on it. Therefore, mechanical energy is 
conserved, or KE f + PE f = KE i + PE r Assuming that the block is released 
from rest (KE i = 0), and taking y = 0 at ground level ( PE f = 0), we have 
that 

KE f =PE ; or -mv 2 f =mgy and y, =— 
f 1 2 f 2g 

Thus, to double the final speed, it is necessary to increase the initial 
height by a factor of four. 

OQ7.8 (i) Answer (b). Tension is perpendicular to the motion, (ii) Answer (c). 

Air resistance is opposite to the motion. 

OQ 7.9 Answer (e). Kinetic energy is proportional to mass. 
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0 Q 7.10 (i) Answers (c) and (e). The force of block on spring is equal in 

magnitude and opposite to the force of spring on block. 

(ii) Answers (c) and (e). The spring tension exerts equal-magnitude 
forces toward the center of the spring on objects at both ends. 

0Q7.11 Answer (a). Kinetic energy is proportional to squared speed. Doubling 
the speed makes an object's kinetic energy four times larger. 

0 Q 7.12 Answer (b). Since the rollers on the ramp used by David were 

frictionless, he did not do any work overcoming nonconservative 
forces as he slid the block up the ramp. Neglecting any change in 
kinetic energy of the block (either because the speed was constant or 
was essentially zero during the lifting process), the work done by 
either Mark or David equals the increase in the gravitational potential 
energy of the block-Earth system as the block is lifted from the ground 
to the truck bed. Because they lift identical blocks through the same 
vertical distance, they do equal amounts of work. 

0 Q 7.13 (i) Answer: a = b = c = d. The gravitational acceleration is quite 

precisely constant at locations separated by much less than the radius 
of the planet. 

(ii) Answer: c = d > a = b. The mass but not the elevation affects the 
gravitational force. 

(iii) Answer: c > b = d > a. Gravitational potential energy of the object- 
Earth system is proportional to mass times height. 

0Q 7.14 Answer (d). 4.00 J =^k(0.100 m) 2 . Therefore, k = 800 N/m and to 
stretch the spring to 0.200 m requires extra work 

AW =^(800)(0.200) 2 - 4.00 J =12.0 J 

0 Q 7.15 Answer (a). The system consisting of the cart's fixed, initial kinetic 

energy is the mechanical energy that can be transformed due to friction 
from the surface. Therefore, the loss of mechanical energy is 
A E mech =- f k d =-(6 N)(0.06 m) =0.36 J. This product must remain the 
same in all cases. For the cart rolling through gravel, 

—(/fc)(0-18 m) = 0.36 J tells us f k = 2 N. 

0 Q 7.16 Answer (c). The ice cube is in neutral equilibrium. Its zero acceleration 
is evidence for equilibrium. 
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lNSWERS to conceptual questions 


CQ7.1 

CQ7.2 


CQ7.3 

CQ7.4 

CQ7.5 

CQ7.6 

CQ7.7 


CQ7.8 

CQ7.9 


Yes. The floor of a rising elevator does work on a passenger. A normal 
force exerted by a stationary solid surface does no work. 

Yes. Object 1 exerts some forward force on object 2 as they move 
through the same displacement. By Newton's third law, object 2 exerts 
an equal-size force in the opposite direction on object 1. In 
W =FArcos6, the factors F and A r are the same, and 6 differs by 180°, 
so object 2 does -15.0 J of work on object 1. The energy transfer is 
15 J from object 1 to object 2, which can be counted as a change in 
energy of -15 J for object 1 and a change in energy of +15 J for object 2. 

It is sometimes true. If the object is a particle initially at rest, the net 
work done on the object is equal to its final kinetic energy. If the object 
is not a particle, the work could go into (or come out of) some other 
form of energy. If the object is initially moving, its initial kinetic energy 
must be added to the total work to find the final kinetic energy. 

The scalar product of two vectors is positive if the angle between them 
is between 0° and 90°, including 0°. The scalar product is negative 
when 90° < 6 < 180°. 

No. Kinetic energy is always positive. Mass and squared speed are 
both positive. 

Work is only done in accelerating the ball from rest. The work is done 
over the effective length of the pitcher's arm—the distance his hand 
moves through windup and until release. He extends this distance by 
taking a step forward. 

(a) Positive work is done by the chicken on the dirt. 

(b) The person does no work on anything in the environment. 
Perhaps some extra chemical energy goes through being energy 
transmitted electrically and is converted into internal energy in his 
brain; but it would be very hard to quantify "extra." 

(c) Positive work is done on the bucket. 

(d) Negative work is done on the bucket. 

(e) Negative work is done on the person's torso. 

(a) Not necessarily. It does if it makes the object's speed change, but 
not if it only makes the direction of the velocity change. 

(b) Yes, according to Newton's second law. 

The gravitational energy of the key-Earth system is lowest when the 
key is on the floor letter-side-down. The average height of particles in 
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the key is lowest in that configuration. As described by F = -dU/dx, a 
force pushes the key downhill in potential energy toward the bottom 
of a graph of potential energy versus orientation angle. Friction 
removes mechanical energy from the key-Earth system, tending to 
leave the key in its minimum-potential energy configuration. 

CQ7.10 There is no violation. Choose the book as the system. You did positive 
work (average force and displacement are in same direction) and the 
Earth did negative work (average force and displacement are in 
opposite directions) on the book. The average force you exerted just 
counterbalanced the weight of the book. The total work on the book is 
zero, and is equal to its overall change in kinetic energy. 

CQ7.11 k' = 2k. Think of the original spring as being composed of two half¬ 
springs. The same force F that stretches the whole spring by x stretches 
each of the half-springs by x/2; therefore, the spring constant for each 
of the half-springs is k' = [F/(x/ 2)] = 2 (F/x) = 2k. 

C Q 7.12 A graph of potential energy versus position is a straight horizontal line 
for a particle in neutral equilibrium. The graph represents a constant 
function. 

CQ7.13 Yes. As you ride an express subway train, a backpack at your feet has 
no kinetic energy as measured by you since, according to you, the 
backpack is not moving. In the frame of reference of someone on the 
side of the tracks as the train rolls by, the backpack is moving and has 
mass, and thus has kinetic energy. 

CQ7.14 Force of tension on a ball moving in a circle on the end of a string. 

Normal force and gravitational force on an object at rest or moving 
across a level floor. 


SOLUTIONS TO END-OF-CHAPTER PROBLEMS 


Section 7.2 Work Done by a Constant Force 

P7.1 (a) The 35-N force applied by the shopper makes a 25° angle with the 

displacement of the cart (horizontal). The work done on the cart 
by the shopper is then 

=(Fcos@)Ax=( 35.0 N)(50.0 m)cos25.0° 

=| 1.59x10^7] 


(b) The force exerted by the shopper is now completely horizontal 
and will be equal to the friction force, since the cart stays at a 
constant velocity. In part (a), the shopper's force had a downward 
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P7.2 


P7.3 


P7.4 


P7.5 


vertical component, increasing the normal force on the cart, and 
thereby the friction force. Because there is no vertical component 
here, the friction force will be less, and the |the force is smaller! 
than before. 

(c) Since the horizontal component of the force is less in part (b), the 
work performed by the shopper on the cart over the same 50.0-m 
distance is |the samel as in part (b). 

(a) The work done on the raindrop by the gravitational force is given 
by 

W =mgh =(3.35 xlCT 5 kg)(9.80 m/s 2 )(l00 m) = |3.28xlCT 2 j| 

(b) Since the raindrop is falling at constant velocity, all forces acting 
on the drop must be in balance, and R = mg, so 

= |-3.28x1Q- 2 j| 

(a) The work done by a constant force is given by 

W =FdcosO 

where 6 is the angle between the force and the displacement of 
the object. In this case, F = -mg and 6 =180°, giving 

W = (281.5 kg)(9.80 m/s 2 )[(17.1 cm)(l m/10 2 cm)] = |472j| 

(b) If the object moved upward at constant speed, the net force acting 
on it was zero. Therefore, the magnitude of the upward force 
applied by the lifter must have been equal to the weight of the 
object: 

F = mg = (281.5 kg)(9.80 m/s 2 ) = 2.76 x 10 3 N = |2.76kN| 

Assuming the mass is lifted at constant velocity, the total upward force 
exerted by the two men equals the weight of the mass: F total = mg = 
(653.2 kg)(9.80 m/s 2 ) = 6.40 x 10 3 N. They exert this upward force 
through a total upward displacement of 96 inches (4 inches per lift for 
each of 24 lifts). The total work would then be 

Wtotai = (6-40 X 10 3 N)[(96 in)(0.025 4 m/1 in)] = |l.56xl0 4 j| 

We apply the definition of work by a constant force in the first three 
parts, but then in the fourth part we add up the answers. The total 
(net) work is the sum of the amounts of work done by the individual 
forces, and is the work done by the total (net) force. This identification 
is not represented by an equation in the chapter text, but is something 
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P7.6 


you know by thinking about it, without relying on an equation in a list. 
The definition of work by a constant force is 1/1/ =FA/"cos0. 

(a) The applied force does work given by 

1/1/ =FArcosd =(l6.0 N)(2.20 m)cos25.0° = [31.9 j| 

(b) , (c) The normal force and the weight are both at 90° to the 

displacement in any time interval. Both do \0\ work. 

(d) X W =31-9 J +0 +0 = |31.9J| 

METHOD ONE 

Let 0 represent the instantaneous angle the rope 
makes with the vertical as it is swinging up from 
0 ; = 0 to <p f = 60°. In an incremental bit of motion 
from angle 0 to 0 + d(j), the definition of radian 
measure implies that Ar =(l2.0 m)d/>. The angle 
6 between the incremental displacement and the 
force of gravity is 6= 90° + 0. Then 

cos 6 = cos (90° + 0) = -sin 0 

The work done by the gravitational force on Spiderman is 

f 0^50° 

1/1/ =J F cosOdr = J mg(- sin0)(12.O m)c/0 

i 0=0 

60° 

=-mg(12.0 m) J sin0 c/0 

o 

=(-80.0 kg)(9.80 m/s 2 )(12 m)(-cos0)|“ 

=(-784 N)(12.0 m)(-cos60°+l) = | -4.70xl0 3 7] 

METHOD TWO 



ANS. FIG.P7.6 


The force of gravity on Spiderman is mg = (80 kg)(9.8 m/s 2 ) = 784 N 
down. Only his vertical displacement contributes to the work gravity 
does. His original y coordinate below the tree limb is -12 m. His final y 
coordinate is (-12.0 m) cos60.0° = -6.00 m. His change in elevation is 
-6.00 m - (-12.0 m). The work done by gravity is 

1/1/ =FArcos0 =(784 n)( 6.00 m)cosl80° = | -4.70 kj | 
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Section 7.3 The Scalar Product of Two Vectors 
P7.7 A ■ B =(a x \ +A y ] +A z k) ■ (fi x i +B y j +6 z k) 

A ■ B =A A(i i) +A x B y (i j) +AA(l' k) 

+A y B x (j l) +A y B y (j j) +A y B z (j ■ k) 
+A z B x (ki)+A z B y (k})+A z B z (kk) 

And since i i =j j =k k =1 and i j =i k =j k =0, 

A ■ B = [A~ X B X +A y B y +A z S7] 

P7.8 A = 5.00; B = 9.00; G = 50.0° 

A ■ B =ABcosG =(5.00)(9.00)cos50.0° = | 28.9 | 

P7.9 A - B =(3.00i +j - k) - (-i +2.00j +5.00k) =4.00i - j - 6.00k 

C ■ (a - b) =( 2 . 00 ) - 3.00k) • ( 4.001 - j - 6.00k) =0 +(-2.00) +(+18.0) 
= p!6^0~| 

P7.10 We must first find the angle between the two 

vectors. It is 

G = (360° -132°) - (118° + 90.0°) 

= 20 . 0 ° 

Then 

F- r =Fr cos G 

=(32.8 N)(0.173 m) cos 20.0° a NS. FIG. P7.10 

or F -r =5.33 N-m = | 5.33 J | 

P7.11 (a) We use the mathematical representation of the definition of work. 

W =F- Ar =F x x +F y y =(6.00)(3.00) N ■ m +(-2.00)(1.00) N• m 
= | 16.0 J~| 

(b) e=cos "'(w) 

16 N ■ m 

=cos , =— , = 

V(6.00 N) 2 +(-2.00 N) 2 ■ V(3.00 m) 2 +(1.00 m) 2 

H 36.9° | 
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P7.12 


P7.13 


(a) A =3.00i-2.00j 
B =4.00i - 4.00j 


6 =cos 


A ■ B^j J 
~AB =C ° S 1 


^Vl3!0-V3Z0 


=| 11.3° | 


(b) A =-2.00 i +4.00 j 

B =3.00i - 4.00 j +2.00 k 

-6.00-16.0 


cos 6 = 


A B 

AB 


”V200-V29!0 
(c) A =i - 2.00j +2.00k 
B =3.00j +4.00k 


6 = | 156° | 


6 —cos 1 


AB 

AB 


J -< 

=COS —j= 




= 82.3° 


Let 6 represent the angle between A and B. Turning by 25.0° makes 
the dot product larger, so the angle between C and B must be smaller. 
We call it 6 - 25.0°. Then we have 


5A cos 6= 30 and 5A cos (6- 25.0°) = 35 


Then 


A cos 6=6 and A (cos 6 cos 25.0° + sin 6 sin 25.0°) = 7 

Dividing, 

cos 25.0° + tan 6 sin 25.0° = 7/6 
or tan# = (7/6 - cos 25.0°)/sin 25.0° = 0.616 

Which gives 6= 31.6°. Then the direction angle of A is 
60.0° - 31.6° = 28.4° 

Substituting back, 

A cos31.6° = 6 so A = |7.05 m at 28.4°| 
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Section 7.4 Work Done by a Varying Force 


1/1/ = J Fdx = area under curve from x f to x f f x (n> 


(a) = 0 and x f = 800 m 

l/l/ 0 ^ 8 = area of triangle ABC 


= UJ ACxhei§ht 

MU x 8.00 mx 6.00 N 


= | 24.0 J | 

(b) x ; = 8.00 m and x f = 10.0 m 



A NS. FIG. P7.14 


= area 


of ACDE =(jjcEx height. 


=(jj x (2.00 m) x (-3.00 N) =|-3.00 J | 

(c) W^ l0 =l/l/ 0 _ >8 +I/IU =24.0 +(-3.00) = \2L0j\ 

P7.15 We use the graphical representation of the f x (N) 

definition of work. W equals the area under the 
force-displacement curve. This definition is still 3 
written W = J F x dx but it is computed 
geometrically by identifying triangles and 
rectangles on the graph. 

(a) For the region 0 < x < 5.00 m, 

^ (3.QON)p.OO m) = ^^ 

(b) For the region 5.00 < x < 10.0, W =(3.00 n)( 5.00 m ) = [!5JJl 

(c) For the region 10.00 <x< 15.0, W = <3 '°° N ^ 5 ' 00 m) = [7501] 

(d) For the region 0 < x < 15.0, W = (7.50 + 7.50 + 15.0) J = |30.0J| 



A NS. FIG. P7.15 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 


















Chapter 7 343 


P7.16 


P7.17 


P7.18 


X F x =ma x : kx = ma 

k- md 

x 

_(4.70 x IQ" 3 kg) (0.800) (9.80 m/s 2 ) 
0.500 x 10“ 2 m 
= | 7.37 N/m~| 



When the load of mass M = 4.00 kg is hanging on the spring in 
equilibrium, the upward force exerted by the spring on the load is 
equal in magnitude to the downward force that the Earth exerts on the 
load, given by w = Mg. Then we can write Hooke's law as Mg = +kx. 
The spring constant, force constant, stiffness constant, or Hooke's-law 
constant of the spring is given by 


F _ Mg _ (4.00 kg)(9.80 m/s 2 ) 
y y 2.50 x 10~ 2 m 


=1.57 xlO 3 N/m 


(a) For the 1.50-kg mass, 

mg (1.50 kg)(9.80 m/s 2 ) _„„ ,-, 

y =T ~ ^flO-N/m =0 ' 009 38 m =^8^ 

(b) Work =^ky 2 =^(l.57xl0 3 N/m)(4.00x 10‘ 2 m) 2 = | 1.25 J | 


In F = -kx, F refers to the size of the force that the spring exerts on each 
end. It pulls down on the doorframe in part (a) in just as real a sense as 
it pulls on the second person in part (b). 

(a) Consider the upward force exerted by the bottom end of the 
spring, which undergoes a downward displacement that we 
count as negative: 

k = -Flx = -(7.50 kg) (9.80 m/s 2 )/(-0.415 m + 0.350 m) 

= -73.5 N/(-0.065 m) = |l.!3kN/m| 

(b) Consider the end of the spring on the right, which exerts a force 
to the left: 


x = - F/k = -(-190 N)/(1130 N/m) = 0.168 m 
The length of the spring is then 

0.350 m + 0.168 m = 10.518 m =51.8 cm | 
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P7.19 


P7.20 


P7.21 


(a) Spring constant is given by F = kx: 

. F 230 N | —l 

k= — = 575 N/m 


(b) Work =F x 


x 0.400 m 

230 N-0 


|(0.400 m) = 46.0 J 


The same force makes both light springs stretch. 

(a) The hanging mass moves down by 

mg mg f 11 
x=x 1+ x 2 =mg -+- 


ki k 2 
=(l.5 kg)(9.8 m/s 2 
=1 2.04 xlCT 2 m I 


K k 2 
1 


-+- 


1 


1 200 N/m 1800 N/m 


(b) We define the effective spring constant as 


k J_ mg 

x mgll/kj +1 /k 2 

1 


-JXflf 

I [k, k 2 J 


1 


1200 N/m 1800 N/m 


720 N/m 


(a) The force mg is the tension in each of the springs. The bottom of 
the upper (first) spring moves down by distance 
x 1 = | F | /k x = mg/ky The top of the second spring moves down 
by this distance, and the second spring also stretches by 
x 2 = mg/k 2 . The bottom of the lower spring then moves down by 
distance 


mg mg , 

*,»,=*,+x 2 =-/ 1 +-/ i =| 

(b) From the last equation we have 
x. +x, 

k, k 2 

This is of the form 

l F l 


m9 (H 


J _I_ \ x 


+x 2 ) 
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P7.22 

P7.23 


P7.24 


The downward displacement is opposite in direction to the 
upward force the springs exert on the load, so we may write 
F = -k eff x total , with the effective spring constant for the pair of 
springs given by 


l/^+l/lq 


1 _N _kg-m/s 2 _ 

k g 

J m m 

s 2 


(a) 


If the weight of the first tray stretches all four springs 
by a distance equal to the thickness of the tray, then the 
proportionality expressed by Hooke's law guarantees 
that each additional tray will have the same effect, so 
that the top surface of the top tray can always have the 
same elevation above the floor if springs with the right 
spring constant are used. 


(b) The weight of a tray is (0.580 kg)(9.8 m/s 2 ) = 5.68 N. The force 
(5.68 N) =1.42 N should stretch one spring by 0.450 cm, so its 
spring constant is 


, \F S 1.42 N 

k=— =- 

x 0.004 5 m 


=[316 N/m | 


(c) | We did not need to know the length or width of the tray. | 

The spring exerts on each block an outward force of 
magnitude 

\F S \ =kx =(3.85 N/m)(0.08 m) =0.308 N 

Take the +x direction to the right. For the light block on 
the left, the vertical forces are given by 

F g = mg = (0.250 kg)(9.80 m/s 2 ) = 2.45 N 

and Y.F y =0 

so n-2.45 N =0 n=2.45N 

Similarly, for the heavier block, 

n = F g = (0.500 kg)(9.80 m/s 2 ) = 4.90 N 


- 

1 2.45 N 

ANS. FIG. 
P7.24 
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P7.25 


(a) For the block on the left, 

£F X =ma x : -0.308 N = (0.250 kg )a 

a = pL23 m/s 2 1 


For the heavier block, 

+0.308 N = (0.500 kg )a 
a= [ 0616 m/s 2 1 

(b) For the block on the left,/,. = = 0.100(2.45 N) = 0.245 N. 

£F X =ma x 

-0.308 N + 0.245 N = (0.250 kg )a 

a = |-0.252 m/s 2 if the force of static friction is not too large) • 


For the block on the right, f k = f^n = 0.490 N. The maximum force 
of static friction would be larger, so no motion would begin and 
the acceleration is |zero| . 


(c) Left block: f k = 0.462(2.45 N) = 1.13 N. The maximum static friction 
force would be larger, so the spring force would produce no 
motion of this block or of the right-hand block, which could feel 
even more friction force. For both, a =\0\. 


(a) The radius to the object makes angle 0 
with the horizontal. Taking the x axis in 
the direction of motion tangent to the 
cylinder, the object's weight makes an 
angle 0 with the -x axis. Then, 

l F x = ma x 

F -mgcosd =0 

F = | mg cosfl] 



A NS. FIG. P7.25 


(b) 1/1/ = J F - c/r 


We use radian measure to express the next bit of displacement as 
dr = RdO in terms of the next bit of angle moved through: 

n/2 

1/1/ = J mg cos 6R dd =mgR sin0|* /2 =mgR (1-0) = | mgR | 
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P7.26 The force is given by F x = (8x - 16) N. 

(a) See ANS. FIG. P7.26 to the right. 

_—(2.00 m)(16.0 N) (1.00 m)(8.00 N) 

( ) net - 2 + 2 

= | -12-0 J I 

ANS. FIG. P7.26 

P7.27 (a) 


F(N) 

L (mm) 

F(N) 

L (mm) 

0.00 

0.00 

12.0 

98.0 

2.00 

15.0 

14.0 

112 

4.00 

32.0 

16.0 

126 

6.00 

49.0 

18.0 

149 

8.00 

64.0 

20.0 

175 

10.0 

79.0 

22.0 

190 




ANS FIG. P7.27(a) 

(b) By least-squares fitting, its slope is 0.116 N/mm = 1116 N/m| . 
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P7.28 


P7.29 


(c) To draw the straight line we use all the points listed and also the 
origin. If the coils of the spring touched each other, a bend or 
nonlinearity could show up at the bottom end of the graph. If the 
spring were stretched "too far," a nonlinearity could show up at 
the top end. But there is no visible evidence for a bend in the 
graph near either end. 

(d) In the equation F = kx, the spring constant k is the slope of the 
F-versus-x graph. 

(e) F = kx = (116 N/m)(0.105 m) = |12.2N| 

(a) We find the work done by the gas on the bullet by integrating the 
function given: 

f 

W =|Fc/r 


1/1/ =°' 6 J "(is 000 N +10 OOOxN/m-25 000x 2 N/m 2 ) 

0 

dxc os0° 


1/1/ 

1/1/ 


=i5ooox+!^-^^ m 

2 3 o 

=9.00 kj +1.80 kj-1.80 kj = | 9.00 kj | 


(b) Similarly, 

1/1/ =(15.0 kN)(1.00 m) 

| (10.0 kN/m)(l.OO m) 2 (25.0 kN/m 2 )(1.00 m) 3 

2 3 

I/I/ =11.67 kj = |ll.7 kj | 


11.7kJ-9.00kJ xl00%=296% 
9.00 kj 

[The work is greater by 29.6%.] 

1/1/ =JF dr = J (4xi +3yj)N• dxi 


j (4 N/m)xdx+0 =(4 N/m)y = | 50.0 J | 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly; 


sible website, in whole or in part. 



Chapter 7 349 


P7.30 


We read the coordinates of the two specified points from the graph as 
a = (5 cm, -2 N) and b = (25 cm, 8 N) 

We can then write u as a function of v by first finding the slope of the 
curve: 


slope 


U b -U a _ 8 N-(-2 N) 
v b -v a 25 cm-5 cm 


=0.5 N/cm 


The y intercept of the curve can be found from u = mv + b, where 
m = 0.5 N/cm is the slope of the curve, and b is the y intercept. 
Plugging in point a, we obtain 

u =mv +b 

-2N=(0.5 N/cm)(5 cm)+b 
b =-4.5 N 

Then, 

u =mv +b =(0.5 N/cm) v- 4.5 N 

(a) Integrating the function above, suppressing units, gives 

j^udv =J 5 25 (0.5u- 4.5)dv=\_0.5\f/2 - 4.5 vj 
=0.25(625-25)-4.5(25-5) 

=150 - 90 =60 N • cm = | 0.600 j| 

(b) Reversing the limits of integration just gives us the negative of the 
quantity: 

\^udv = P0.600 J 

(c) This is an entirely different integral. It is larger because all of the 
area to be counted up is positive (to the right of v = 0) instead of 
partly negative (below u = 0). 

\ b vdu =\*J2 U +9 )du =[2u72 +9 u][ 2 
=64 - (-2) 2 +9(8 +2) 

=60 +90 =150 N ■ cm = |l.50 j| 
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Section 7.5 

P7.31 v, = 

(a) 

(b) 

P7.32 (a) 

(b) 

(c) 

P7.33 (a) 

(b) 

(c) 


Kinetic Energy and the 
Work-Kinetic Energy Theorem 

(6.00f — l.OOj) m/s 2 


vI =^*4 +vf y =V37.0 m/s 

K. t =^mvf =^(3.00 kg) (37.0 m 2 /s 2 ) = \~555j] 

v f =8.00i +4.00j 

4 =v • v f =64.0 +16.0 =80.0 m 2 /s 2 

A K =K f -K i =^m(v 2 -v 2 ) =^(80.0)-55.5 = | 64.5 J | 

Since the applied force is horizontal, it is in the direction of the 
displacement, giving 6 = 0°. The work done by this force is then 

W F =( F 0 cos o)ax=F 0 (cos 0 ) Ax =F 0 Ax 

and 


W F , . 

F 0 =—± = 29.2 N 

0 Ax 12.0 m 


350 J 


If the applied force is greater than 29.2 N, the crate would 
accelerate in the direction of the force, so its 
[speed would increase] with time. 

If the applied force is less than 29.2 N, the 
| crate would slow down and come to rest.| 

K a =^-(0.600 kg)(2.00 m/s) 2 = | 1.20 J | 


1 7 IX /Z./\ R 

-mv 2 B =K b : v b =J - 


b _ 

l ^ 0.60C 


50 J) _ r 


,600 kg 


5.00 m/s 


XI N =AK =K b -K a =^m(v 2 -v 2 )=7.5 0 J-1.20 J = | 6.30 J | 
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P7.34 


P7.35 


P7.36 


x = 5.00 m) 


x = 10.0 m) 


x = 15.0 m) 


K: =-mv 2 f - 

, 2 f 

0 

0 =^W = 

1 2(area) _ 

(2(7.50 J) _ 

V m ]j 

K. =-mv 2 - 

, 2 f 

0 

4.00 kg 

0 =^W = 

I2(area) _ 

|2(22.5J) . 

V m ]] 

Ki=^mv 2 ,- 

0 

4.00 kg 

0 =xw = 

1 2(area) _ 

[ 2 ( 30.0 j). 


I 4.00 kg 


= 3.87 m/s 


Consider the work done on the pile driver from the time it starts from 
rest until it comes to rest at the end of the fall. Let d = 5.00 m represent 
the distance over which the driver falls freely, and h = 0.12 the distance 
it moves the piling. 

EW =A K: W +W iam =l m v)-±rmj 


Thus, 


(img)(h +Gf)cos0° +(f )(c/)cos180° =0-0 

F _ (mg)(h+d) _ (2100 kg)(9.80 m/s 2 )(5.12 m) 
d 0.120 m 

=1 8.78xl0 5 N I 


The force on the pile driver is | upward. | 


(a) v f =0.096(3.00 x 10 8 m/s) =2.88 x 10 7 m/s 


K f =^mv 2 =^(9.11 xl0‘ 31 kg)(2.88xl0 7 m/s) 2 = | 3.78x 10" 1f7 7] 
(b) Kj +1/1/ =K f : 0 +FAr cos 6 = Kf 
F{ 0.028 m)cos0° =3.78 x 10~ 16 J 
F= {l35xlO u N | 
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P7.37 


P7.38 


(c) 

(d) 


(a) 


(b) 


(c) 

(d) 

(e) 

(f) 

(a) 


(b) 


£F =ma: a =— = L35xlQ N =| i.48xl0* 6 m/s 2 

m 9.11 x 10 -3 kg 1 --— 

Vxf =v x . +a x t: 2.88 x 10 7 m/s =0 +(l.48 x 10 16 m/s 2 )t 


t= 1.94 x 10 s 


K. +Y J W =K f =^mv 2 f 

0 +£1/1/ =^(15.0x 10~ 3 kg)(780 m/s) 2 = | 4.56 kj | 


As shown in part (a), the net work performed on the bullet is 

51 

I/I / _ 4.56 x 10 3 J 


4.56 kj. 


Ar cos 6 (0.720 m)cosO 

y f -vj _ (780 m/s) 2 -0 


- = 6.34 kN 


2x f 2(0.720 m) 


= 422 km/s 2 


£F =ma =(15 x 10~ 3 kg)(422xl0 3 m/s 2 ) =1 6.34 kN I 


| The forces are the same. The two theories agree. | 

As the bullet moves the hero's hand, work is done on the bullet to 
decrease its kinetic energy. The average force is opposite to the 
displacement of the bullet: 

l/l/e t =F avg Axcos0 =-F avg Ax =AK 

AK 0 - 1 (7.80 x IQ -3 kg)(575 m/s) 2 


|^y g =2.34 x 10 4 N, opposite to the direction of motion | 

If the average force is constant, the bullet will have a constant 
acceleration and its average velocity while stopping is 
v =(v f +Vi) / 2. The time required to stop is then 

At=— A 5 - 5oxio ~ 2m > 

v v f +Vi 0 +575 m/s - 
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P7.39 (a) K= 1 mv = - m(v x 2 + v 2 ) 

2 2 y 

= i (5.75 kg) [(5.00 m/s f + (-3.00 m/s) 2 ] = |9Z8j| 

(b) We know F x = ma x and F y = ma y . At t = 0, x { = y l = 0, and 

v xi = 5.00 m/s, v yi = -3.00 m/s; at t = 2.00 s, x f = 8.50 m, y f = 5.00 m. 

x f =X: +v xi t+-a x t 1 

f , x, 2 X 

_ 2{x f - x, - v xj t) _ 2[8.50 m-0-(5.00 m/s)(2.00 s)] 
dx f (2.00 s) 2 

=-0.75 m/s 2 

y f =y i +v yi t+^a y f 

_2 (y f - y, - v yi t) _2[5.00 m - 0 - (-3.00 m/s)(2.00 s)] 
dy f (2.00 s) 2 

=5.50 m/s 2 

F x = ma x = (5.75 kg)(-0.75 m/s 2 ) = -4.31 N 
F y = ma y = (5.75 kg)(5.50 m/s 2 ) = 31.6 N 
F=(-4.31i +31.6j) N 

(c) We can obtain the particle's speed at t = 2.00 s from the particle 
under constant acceleration model, or from the nonisolated 
system model. From the former, 

v,! =v xi +a x t =(5.00 m/s) +(-0.75 m/s 2 )(2.00 s) =3.50 m/s 

v xf =v yi +a y t=(-3.00 m/s) +(5.50 m/s 2 )(2.00 s) =8.00 m/s 

V=^\? x W y =V(3.50 m/s f +(8.00 m/s) 2 = | 8.73 m/s | 

From the nonisolated system model, 

=AK: W ex =-mv 2 f --mv? 
ext 2 f 2 1 

The work done by the force is given by 
W ext =F ■ Ar =F x Ar x +F y Ar y 

=(-4.31 N)(8.50 m) +(31.6 N)(5.00 m) =121 J 
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then. 


-mv 2 f =1/1/ t +-mvf =121J +97.8 J =219 J 

2 f ext 2 - 


which gives 



Section 7.6 Potential Energy of a System 

P7.40 (a) With our choice for the zero level for 



potential energy of the car-Earth system 
when the car is at point (6), 



When the car is at point @, the potential ANS FIG P740 
energy of the car-Earth system is given by 

U A = mgy 

where y is the vertical height above zero level. With 135 ft 
= 41.1 m, this height is found as: 

y = (41.1 m) sin 40.0° = 26.4 m 
Thus, 

U A =(1000 kg)(9.80 m/s 2 )(26.4 m) = | 2.59 xlO 5 J~| 

The change in potential energy of the car-Earth system as the car 
moves from @ to ® is 

U B -U A = 0 - 2.59x 10 5 J = | -2.59 x 10 5 J~| 

(b) With our choice of the zero configuration for the potential energy 
of the car-Earth system when the car is at point @, we have 
| L/ a =0 | . The potential energy of the system when the car is at 
point (B) is given by U B = mgy, where y is the vertical distance of 
point (§) below point In part (a), we found the magnitude of 
this distance to be 26.5 m. Because this distance is now below the 
zero reference level, it is a negative number. 
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P7.41 


P7.42 


Thus, 

U B =(1000 kg)(9.80 m/s 2 )(-26.5 m)« | -2.59 x 10 s J | 

The change in potential energy when the car moves from @ to 
d) is 

U B - U A =-2.59 x 10 5 J - 0 = | -2.59 x 10 5 Jj 

Use U = mgy, where y is measured relative to a reference level. Here, 
we measure y to be relative to the top edge of the well, where we take 

y = o. 

(a) y = 1.3 m: U = mgy = (0.20 kg)(9.80 m/s 2 )(1.3 m) = p25j| 

(b) y = -5.0 m: U = mgy = (0.20 kg)(9.80 m/s 2 )(-5.0 m) = |-9.8 j| 

(c) Ail =U f -U, =(-9.8 j)- (2.5 j) =-12.3 = pi2j| 

(a) We take the zero 
configuration of system 
potential energy with the 
child at the lowest point of 
the arc. When the swing is 
held horizontal initially, the 
initial position is 2.00 m 
above the zero level. Thus, 

U g =mgy 

=(400 N)(2.00 m) 

= | sop j | A NS. FIG. P7.42 

(b) From the sketch, we see that at an angle of 30.0° the child is at a 
vertical height of (2.00 m) (1 - cos 30.0°) above the lowest point of 
the arc. Thus, 

U g =mgy =(400 N)(2.00 m)(l-cos 30.0°) = | 107 J | 

(c) The zero level has been selected at 

the lowest point of the arc. Therefore, | U g =0 | at this location. 
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Section 7.7 Conservative and N onconservative Forces 

P7.43 The gravitational force is downward: 

F g = mg= (4.00 kg)(9.80 m/s 2 ) = 39.2 N 

(a) Work along OAC = work along OA + 
work along AC 

=F g (0 A) cos 90.0° 

+F g (AC)cosl80° 

=(39.2 N)(5.00 m)(0) 

+(39.2 N)(5.00 m)(-l) 

= | -196J | 

(b) W along OBC = W along OB + W along BC 

=(39.2 N)(5.00 m) cos 180° +(39.2 N)(5.00 m) cos 90.0° 

H-196J| 

(c) Work along OC = F ? (OC) cos 135° 

=(39.2 N)(5.00x V2 m)^--j=j = | -196 J | 


A NS. FIG. P7.43 


(d) 


The results should all be the same, since the gravitational force 
is conservative. 


P7.44 


(a) 


W = J F ■ dr, and if the force is constant, this can be written as 
1/1/ =F- Jc/r = 


F ■ (F f - ?,), which depends only on the end points. 


| and not on the path | . 

(b) W =jFdr =j(3f +4j)(dxi +dyj) 

=(3.00 N) °] m dx+(4.00 N) °] m dy 

0 0 

1/1/ =(3.00 N/xf 001 " +(4.00 N)^®° 0m =15.0 J +20.0 J = | 35.0 J | 
The same calculation applies for all paths. 
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P7.45 In the following integrals, remember that 
I I = j j =1 and i j =0 

(a) The work done on the particle in its first section of motion is 

W OA = J dxi [2yi+x 2 })= J 2 ydx 

0 0 

and since along this path, y = 0, that means W OA = 0. 

In the next part of its path, 

W ac = J dyj \2yi +x 2 j] = J Sdy 

0 0 

For x = 5.00 m,W AC = 125 J 
and I/I/oac =0 +125 = |l25j| . 

(b) Following the same steps, 

5.00 m „ / > 5.00 m 

W„, = J dyi [2y\+x‘i)= J Sdy 

0 0 

Since along this path, x = 0, that means W OB = 0. 

5.00 m < . 5.00 m 

l/l/ BC = J dxi \2yi +x 2 j] = J 2ydx 

0 0 

Since y = 5.00 m, W BC = 50.0 J. 

W oac =0+125 = [12571 

'■<-> =j(dxi +dyj) ( 2 yi +x ; j) =|(2yc(x+x cV) 

5.00m _ 

Since x = y along OC, I/1/qc = J [2x+x 2 )dx = | 66.7 J | 

(d) 

(e) 


P7.46 Along each step of motion, to overcome friction you must push with a 
force of 3.00 N in the direction of travel along the path, so in the 
expression for work, cosd =cos0° =1. 

(a) 1/1/ =(3.00 N)(5.00 m)(l) +(3.00 n)( 5.00 m)(l) = |30.0J| 


| F is nonconservative. | 

The work done on the particle depends on the path followed 
by the particle. 
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(b) The distance CO is (5.00 2 + 5.00 2 ) 172 m = 7.07 m 
1/1/ =(3.00 N)(5.00 m)(l) +(3.00 n)( 5.00 m)(l) 

+(3.00 N)(7.07 m)(l) = |51.2J| 

(c) 1/1/ =(3.00 N)(7.07 m)(l) +(3.00 N)(7.07 m)(l) = |42.4J| 

(d) | Friction is a nonconservative force. | 


Section 7.8 Relationship Between Conservative Forces and 
Potential Energy 

P7.47 We use the relation of force to potential energy as the force is the 
negative derivative of the potential energy with respect to distance: 


P7.48 


P7.49 


F r 


dU_ 

dr 



If A is positive, the positive value of radial force indicates a force of 
repulsion. 

We need to be very careful in identifying internal and external work 
on the book-Earth system. The first 20.0 J, done by the librarian on the 
system, is external work, so the system now contains an additional 
20.0 J compared to the initial configuration. When the book falls and 
the system returns to the initial configuration, the 20.0 J of work done 
by the gravitational force from the Earth is internal work. This work 
only transforms the gravitational potential energy of the system to 
kinetic energy. It does not add more energy to the system. Therefore, 
the book hits the ground with 20.0 J of kinetic energy. The book-Earth 
system now has zero gravitational potential energy, for a total energy 
of 20.0 J, which is the energy put into the system by the librarian. 

= _3U = _3(3xy-7x) = _ ( (= 

dx dx ' ' 
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P7.50 


P7.51 


Thus, the force acting at the point {x, y) is 

F =F x i +F y j = 

(a) We use Equation 7.27 relating the potential energy of the system 
to the conservative force acting on the particle, with li, = 0: 

U =U f -U, =U f -0 

=- J (-Ax +Bx 2 )dx=A--B— 

o 2 3 

(b) From (a), li(2.00 m) = 2A - 2.6 7B, and Lf(3.00 m) = 4 5A - 9B. 

[AU =(4.5A - 96) - (2 A - 2.67B) =2.571 - 6.336| 

(c) If we consider the particle alone as a system, the change in its 
kinetic energy is the work done by the force on the particle: 

W =AK. For the entire system of which this particle is a member, 
this work is internal work and equal to the negative of the change 
in potential energy of the system: 

[AK =-AU =-2.5 A +6.3351 

(a) For a particle moving along the x axis, the definition of work by a 
variable force is 


Ax 2 ex 3 
2_3 


(7-9x 2 y)i-3x 3 j 


W ¥ =P F x dx 

Here F x = (2x + 4) N, x t = 1.00 m, and x f = 5.00 m. 

So 

W v = J | 5 ( “ J "(2x + 4 )dx N ■ m = x 2 + 4x] ® N • m 

= (5 2 + 20-1-4) J = ^O0j 

(b) The change in potential energy of the system is the negative of the 
internal work done by the conservative force on the particle: 

AU =-W ml = |-40.0J| 

mv 2 

(c) From AK =K f -we obtain 

K, =AK =40.0 J kg ^°° m/S>2 =PK5J1 
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Section 7.9 Energy Diagrams and Equilibrium of a System 


P7.52 


P7.53 


(a) 


F x is zero at points A, C, and E; F x is positive at point B and 
negative at point D. 


(b) 


A and E are unstable, 
and C is stable. 


(c) ANS. FIG. P7.52 shows the curve for 
F x vs. x for this problem. 


The figure below shows the three 
equilibrium configurations for a right 
circular cone. 


F x 



stable unstable neutral 


ANS. FIG. P7.53 


Additional Problems 


P7.54 


(a) F =-—(-x 3 +2x 2 +3x)i 

dx 

= (3x 2 -4x-3)i 

(b) F = 0 when 
X:= [L87 and - 0.535] . 

(c) The stable point is at x = -0.535, 
point of minimum U(x). 

The unstable point is at 
x = 1.87, maximum in U(x). 
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P7.55 


P7.56 


P7.57 


Initially, the ball's velocity is 

v =(40.0 m/s) cos 30.0°i +(40.0 m/s) sin 30.0°j 
At its apex, the ball's velocity is 

v =(40.0 m/s) cos 30.0°i +0j =(34.6 m/s)i 


The ball's kinetic energy of the ball at this point is 
K =^mv 2 =^-(0.150 kg)(34.6 m/s) 2 = | 90.0 J | 

23.7 3 7SdX 

We evaluate J ^ t 0 ^ by calculating 


' tisX 3 +3.75X 
375(0.100) 


375(0.100) 


(12.8) 3 + 3.75(12.8) (12.9) 3 + 3.75(12.9) 

375(0.100) 


(23.6) 3 +3.75(23.6) 


- = 0.806 


and 


375(0.100) | 375(0.100) 

(12.9) 3 +3.75(12.9) + (13.0) 3 +3.75(13.0) 

+ 375(0.100) 

‘"(23.7) 3 +3.75(23.7) 


=0.791 


The answer must be between these two values. We may find it more 
precisely by using a value for Ax smaller than 0.100. Thus, we find the 
integral to be |0.799 N ■~m\ . 


(a) The equivalent spring constant for the stel balls is 


fc =fl = 16000N = | , 

X 0.0002 m I--—I 


(b) | A time interval | . If the interaction occupied no time, the force 
exerted by each ball on the other could be infinite, and that cannot 
happen. 

(c) We assume that steel has the density of its main constituent, iron, 
shown in Table 14.1. Then its mass is 


p v = p ( j )^'' 3 =(^)( 7 860 k s /m3 )(°- 025 4 m/2 ) 3 

=0.067 4 kg 

its kinetic energy is then 
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P7.58 


P7.59 


K =^mv 2 =|(0.067 4 kg)(5 m/s) 2 = 0.8 j] 

(d) Imagine one ball running into an infinitely hard wall and 
bouncing off elastically. The original kinetic energy becomes 
elastic potential energy 

0.843 J =(1/2) (8 x 10 7 N/m) x 2 x =0.145 mm - |0.15mm| 

(e) The ball does not really stop with constant acceleration, but 
imagine it moving 0.145 mm forward with average speed 

(5 m/s + 0)/2 = 2.5 m/s. The time interval over which it stops is 
then 

0.145 mm/(2.5 m/s) = 6x 10~ 5 s- \l0~* s\ 


The work done by the applied force is 

W=jF app]ied dx= J-[-(k,x+k 2 x 2 )]dx 

i o 


*ma* Xmx *2 | X max 

= J k 1 xdx+ j k 2 )cdx=k 1 — 

o o 2 L 


+K 


: fjo 



Compare an initial picture of the 
rolling car with a final picture with 
both springs compressed. From 
conservation of energy, we have 

K, +lW=K f 

Work by both springs changes the car's 
kinetic energy. 


F (N) 



0 10 20 30 40 50 


ANS. FIG. P7.59 


Substituting, 

+0-^(1600 N/m)(0.500 m) 2 
+0-|(3 400 N/m)(0.200 m) 2 =0 


Which gives 
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|(6 000 kg) vf - 200 J - 68.0 J =0 
Solving for 



P7.60 Apply the work-energy theorem to the ball. The spring is initially 

compressed by x sp i = d = 5.00 cm. After the ball is released from rest, 
the spring pushes the ball up the incline the distance A, doing positive 
work on the ball, and gravity does negative work on the ball as it 
travels up the incline a distance Ax from its starting point. Solve for 
Ax. 


P7.61 


K, +W S +W g =K f 

\mv] +[^Kj -\K,,r )- mgAxsmO =^mv 2 f 

0 +|^/cc/ 2 - 0 j - mgAxsinlO.O 0 =0 

M kd 2 _(1.20 N/cm)(5.00 cm)(0.0500 m) 
2mgsin 10.0° 2(0.100 kg)(9.80 m/s 2 )sin 10.0° 

=0.881 m 

Thus, the ball travels up the incline a distance of 0.881 m after it is 
released. 


Applying the work-kinetic energy theorem to the ball, one finds 
that it momentarily comes to rest at a distance up the incline of 
only 0.881 m. This distance is much smaller than the height of a 
professional basketball player, so the ball will not reach the upper 
end of the incline to be put into play in the machine. The ball will 
simply stop momentarily and roll back to the spring; not an exciting 
entertainment for any casino visitor! 


(a) F- =(25.0 N)(cos35.0°i +sin35.0°j) = (20.5i +14.3j) N 
F 2 =(42.0 N)(cos 150 °i +sinl50°j^ 

(b) XF=i=+F 2 


S.4i +21.0j) I 


5.9i +35.3j) I 
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P7.62 


(c) a=— =1 


[-3.181 +7.07j) m/s 2 
(d) =v, +at =(4.00i +2.50j) m/s +(-3.18i +7.07j)(m/s 2 )(3.00 s) 


-5.54 i +23. 


■7j) m/s 


(e) 


(f) 

(g) 


r f =r +v.t +-at 2 

f 1 1 2 

t f =0 +(4.00i +2.50j)(m/s)(3.00 s) 

+|(-3.18l +7.07j)(m/s 2 )(3.00 s) 2 


At=tf=\ 


(-2.301 +39.3j) m 


K f =^mvf =^(5.00 kg)[(5.54) 2 +(23.7) 2 ](m/s 2 ) = | 1.48 kj] 

K f =^mvf +X F• Ar 

K f =^(5.00 kg)[(4.00) 2 +(2.50) 2 ](m/s) 2 

+[(-15.9 N)(-2.30 m) +(35.3 N)(39.3 m)] 

K f =55.6 J +1426 J = | 1.48 kj | 


(h) 


The work-kinetic energy theorem is consistent with Newton's 
second law, used in deriving it. 


(a) We write 

F = ax b 

1 000 N = «(0.129 m) fc 
5 000 N = «(0.315 m) b 
Dividing the two equations gives 



In 5 =hln2.44 
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P7.63 


In 5 

~ In 2.44 
1000 N 
(0.129 m) 1 


r = 4.01 xlO 4 N/m 18 


ax b+1 


(b) W=jF appKed c*=J^=^ 


_ ax b+1 

~ b+l 


ax b+1 


b+l 


lv _ (4.01xl0 4 N/m 18 )x 26 

2.80 


For x = 0.250 m, 

w _(4.01 x 10 4 N/m 18 )(0.250 m) 2 ' 8 

2.80 

_ (4.01 x 10 4 N/m 18 )(0.250) 28 (m 2 ' 8 ) 

2.80 


W ) 2< 


The component of the weight force parallel to the incline, mg sin 0, 
accelerates the block down the incline through a distance d until it 
encounters the spring, after which the spring force, pushing up the 
incline, opposes the weight force and slows the block through a 
distance x until the block eventually is brought to a momentary stop. 
The weight force does positive work on the block as it slides down the 
incline through total distance (d + x), and the spring force does 
negative work on the block as it slides through distance x. The normal 
force does no work. Applying the work-energy theorem, 

K+W g +W 5 =K f 

^mvf +mgsin0(d +x) +^kx 2 sp i -hx^^mvf 

^ mv 2 +mgsmd(d +x) +^0-^kx z j =0 
Dividing by m, we have 

-v 2 +gsin0(d+x)-— x 2 =0 

2 y ' 2 m 

^-x 2 -(gsin0)x-l-^- +(gsin0)dj =0 
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Solving for x, we have 


gsin# 

l(g sin0) 2 -4 

(£) 


f M 1 

— +(gsmd)dj 


2 | 




gsmd ±J(gsinO) 2 +2(gsin0)c/] 

k/m 


Because distance x must be positive, 

gsmd +J(gsin 0) 2 +(^j[\/ 2 +2(gsin0)d] 

X k/m 

For v = 0.750 m/s, k = 500 N/m, m = 2.50 kg, 0 = 20.0°, and g = 

9.80 m/s 2 , we have gsin0= (9.80 m/s 2 )sin20.0° = 3.35 m/s 2 and k/m 
= (500 N/m)/(2.50 kg) = 200 N/m • kg. Suppressing units, we have 

w—3-35 +^/(3.35) 2 +(200)[(0.750) 2 +2(3.35)(0.300)] 

X 200 
= |0.131 m| 

P7.64 The component of the weight force parallel to the incline, mgsin Q, 
accelerates the block down the incline through a distance d until it 
encounters the spring, after which the spring force, pushing up the 
incline, opposes the weight force and slows the block through a 
distance x until the block eventually is brought to a momentary stop. 
The weight force does positive work on the block as it slides down the 
incline through total distance (d + x), and the spring force does 
negative work on the block as it slides through distance x. The normal 
force does no work. 

Applying the work-energy theorem, 

K, +W g +W S =K f 

\mvf +mg smO(d +x) +^kx 2 spJ -^kx 2 sp ^ =^mv 2 
^ mv 2 +mgsind(d +x) +^0-^kx 2 j =0 
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P7.65 


Dividing by m, we have 
1 


v 2 +gsmO(d+x) - x 2 =0 

2 2m 


2m 

Solving for x, we have 


M 2 

- — +(g sin 0)d = 


—x 2 -(gsin0)x-| — +(gsin0)d \ =0 


gsmO± ] J 

l(gsinO) 2 -4 

(^) 


f M 2 

+(gtsin0)afj 


2 I 




gsinO ±J(g sin0) 2 +(yj|V +2(gsin0)c/] 
X k/m 

Because distance x must be positive. 


gsinO +^j 

{gsinO) 2 + 

{- 
l mj 

\[v 2 +2(g sin 0)d] 


k/m 



(a) The potential energy of the system at point x is given by 5 plus 
the negative of the work the force does as a particle feeling the 
force is carried from x = 0 to location x. 


dU =-Fdx 

=-J 0 x 8 e-"dx 

u ' 5= '[R]) ioV “ ( ' 2dx) 

U =5- [ JLj I e 2x \ x =5 +4e 2X -4-1 =h+4e 2x | 
v [—2 ] J lo '-' 


(b) 


The force must be conservative because the work the force does 
on the object on which it acts depends only on the original and 
final positions of the object, not on the path between them. 
There is a uniquely defined potential energy for the associated 
force. 
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Challenge Problems 

P7.66 (a) The new length of each spring is Vx 2 +L 2 , so 

its extension is Vx 2 +L 2 - L and the force it 
exerts is k^Jx 1 + L 2 - L j toward its fixed 

end. The y components of the two spring 
forces add to zero. Their x components (with 

=■) add to 



ANS. FIG. P7.66 


Vx 2 +L 2 

F=-2 kiyjx 2 +L 2 -l)- 


Vx 2 +L 2 


-2 kx\ 1- 


sjx 2 +L 2 


(b) Choose U = 0 at x = 0. Then at any point the potential energy of 
the system is 

.. IkLx , , 

2 \dx 


U{x)=-]F x dx=-](-2kx + , 2A1X - 1 

0 0^ y/x 2 +L 2 ) 

dx 


=2k\xdx-2kL\ 


Wx 2 +L 2 


U(X): 


kx 1 +2 kL^-ylx 2 +L 2 ) 


(c) U (x) =(40.0 N/m)x 2 +(96.0 N)(l.20 m-yjx 2 +1.44 m 2 ) 


For negative x, U(x) has the same value as for positive x. The only 
equilibrium point (i.e v where F x = 0) is |x =0| . 

U(x), j 
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(d) If we consider the particle alone as a system, the change in its 
kinetic energy is the work done by the force of the springs on the 
particle: W =AK. For the entire system of particle and springs, 
this work is internal work and equal to the negative of the change 
in potential energy of the system: A/C =-A U. From part (c), we 
evaluate U for x = 0.500 m: 

U =(40.0 N/m)(0.500 m) 2 

+ (96.0 N)(l.20 m - ^(0.500 m f + 1.44 m 2 ) 

= 0.400 J 

Now find the speed of the particle: 


\m\i 2 =-A U 



P7.67 (a) We assume the spring lies in the horizontal plane of the motion, 

then the radius of the puck's motion is r = L 0 + x, where 
L 0 = 0.155 m is the unstretched length. The spring force causes the 
puck's centripetal acceleration: 

F =mv 2 /r kx=m[2nr/Tf/r -» kT 2 x=4jc 2 mr 
Substituting r = (L 0 + x), we have 
kT 2 x =4 n 2 m(L 0 +x) 

_(47r 2 mi 0 ) i x(to 2 m) 

**- V + V 

_ 4 n 2 mL 0 /T 2 
k-4n 2 mL 0 /T 2 

For k = 4.30 N/m, L 0 = 0.155 m, and T = 1.30 s, we have 

47r 2 m(0.155 m)/(1.30 s) 2 
4.30 N/m-4^ 2 m/(1.30 s) 2 
(3.62 rn/s 2 )m 
”4.30 kg/s 2 -(23.36/s 2 )m 
(3.62 m)rn l/s 2 
_ [4.30kg-(23.36)m] l/s 2 
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(3.62 m )m 
i#0,kg-( 23.4^7 1 


(b) For m = 0.070 kg, 

(3.62 m )[0.070 kg] 

4.30 kg -2336(0.070 kg) 
= |0.095 lm| 

(c) We double the puck mass and find 

(3.6208 m )[0-140 kg] 

4.30 kg-23.360(0.140 kg) 
= | 0.492 m | 


more than twice as big! 

(d) For m = 0.180 kg, 

(3.62 m )[0.180 kg] 

4.30 kg-23.36(0.180 kg) 
0-652 , . | 

0.0952 I-1 


We have to get a bigger table! 

(e) When the denominator of the fraction goes to zero, the extension 
becomes infinite. This happens for 4.3 kg - 23.4 m = 0; that is for 
m = 0.184 kg. For any larger mass, the spring cannot constrain the 
motion. [The situation is impossible.] 


(f) 


The extension is directly proportional to m when m is only 
a few grams. Then it grows faster and faster, diverging to 
infinity for m =0.184 kg. 
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lNSWERS to even-numbered problems 


P7.2 (a) 3.28 x 1CT 2 J; (b) -3.28 x 1CT 2 J 

P7.4 1.56 x 10 4 J 

P7.6 method one: -4.70 x 10 3 J; method two: -4.70 kj 
P7.8 28.9 

P7.10 5.33 J 

P7.12 (a) 11.3°; (b) 156°; (c) 82.3° 

P7.14 (a) 24.0 J; (b) -3.00 J; (c) 21.0 J 

P7.16 7.37 N/m 

P7.18 (a) 1.13 kN/m; (b) 0.518 m = 51.8 cm 

P7.20 (a) 2.04 x 10~ 2 m; (b) 720 N/m 

P7.22 kg/s 2 

P7.24 (a) -1.23 m/s 2 , 0.616 m/s 2 ; (b) -0.252 m/s 2 if the force of static friction 

is not too large, zero; (c) 0 

P7.26 (a) See ANS FIG P7.26; (b) -12.0 J 

P7.28 (a) 9.00 kj; (b) 11.7 kj; (c) The work is greater by 29.6% 

P7.30 (a) 0.600 J; (b) -0.600 J; (c) 1.50 J 

P7.32 (a) 29.2 N; (b) speed would increase; (c) crate would slow down and 

come to rest. 

P7.34 (a) 1.94 m/s; (b) 3.35 m/s; (c) 3.87 m/s 

P7.36 (a) 3.78 x 10“ 16 J; (b) 1.35 x 10' 14 N; (c) 1.48 x 10 +16 m/s 2 ; (d) 1.94 x 10" 9 s 

P7.38 (a) F avg =2.34 x 10 4 N, opposite to the direction of motion; (b) 1.91 x 

10” 4 s 

P7.40 (a) U B = 0,2.59 x 10 5 J; (b) U A = 0, -2.59 x 10 5 J, -2.59 x 10 5 J 

P7.42 (a) 800 J; (b) 107 J; (c) U g = 0 

P7.44 (a) F • (ijj - tj ), which depends only on end points, and not on the path; 

(b) 35.0 J 

P7.46 (a) 30.0 J; (b) 51.2 J; (c) 42.4 J; (d) Friction is a nonconservative force 

P7.48 The book hits the ground with 20.0 J of kinetic energy. The book-Earth 
now has zero gravitational potential energy, for a total energy of 20.0 J, 
which is the energy put into the system by the librarian. 
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P7.50 

P7.52 

P7.54 

P7.56 

P7.58 

P7.60 

P7.62 

P7.64 

P7.66 


(a) _ - _; (b) A U =[4:5 A - 98) - ( 2A - 2.676) =2.5A - 6.336; 

2 3 

(c) A/C =-AU =-25A +6.336 

(a) F x is zero at points A, C, and E; F x is positive at point B and negative 
at point D; (b) A and E are unstable, and C is stable; (c) See ANS FIG 
P7.52 

(a) (3x 2 - 4x- 3) i ; (b) 1.87 and -0.535; (c) See ANS. FIG. P7.54 
0.799 N • m 



The ball will simply stop momentarily and roll back to the spring. 

(a) b = 1.80, a = 4.01 x 10 4 N/m 18 ; (b) 295 J 

gsme^(gsine) 2 +(^j[v 2 +2(gsin0)c/] 

X= kTm 

(a) -2kx^l--j===^i; (b) to? + 2kL(L - Vx 2 + L 2 ); (c) See ANS. FIG. 
P7.66(c), x = 0; (d) v = 0.823 m/s 
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Conservation of Energy 


CHAPTER OUTLINE 


8.1 Analysis Model: Nonisolated System (Energy) 

8.2 Analysis Model: Isolated System (Energy) 

8.3 Situations Involving Kinetic Friction 

8.4 Changes in Mechanical Energy for Nonconservative Forces 

8.5 Power 


* An asterisk indicates a question or problem new to this edition.) 


lNSWERS to objective questions 


0Q8.1 Answer (a). We assume the light band of the slingshot puts equal 
amounts of kinetic energy into the missiles. With three times more 
speed, the bean has nine times more squared speed, so it must have 
one-ninth the mass. 

0 Q 8.2 (i) Answer (b). Kinetic energy is proportional to mass. 

(ii) Answer (c). The slide is frictionless, sod = (2 gh) l/1 in both cases. 

(iii) Answer (a), g for the smaller child and ysin 0 for the larger. 

OQ8.3 Answer (d). The static friction force that each glider exerts on the other 
acts over no distance relative to the surface of the other glider. The air 
track isolates the gliders from outside forces doing work. The gliders- 
Earth system keeps constant mechanical energy. 

OQ8.4 Answer (c). Once the athlete leaves the surface of the trampoline, only 
a conservative force (her weight) acts on her. Therefore, the total 
mechanical energy of the athlete-Earth system is constant during her 
flight: K f +U f = K ; + U r Taking the y = 0 at the surface of the 
trampoline, U i = mgy i = 0. Also, her speed when she reaches maximum 
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OQ8.5 


OQ8.6 


OQ8.7 


OQ8.8 


OQ8.9 


height is zero, or K f = 0. This leaves us with U f = K v or mgy max =^mvf r 
which gives the maximum height as 


Xnax 


vf _ (8.5 m/s) 2 
lg _ 2(9.80 m/s 2 ) 


=3.7 m 


(a) Yes: a block slides on the floor where we choose y = 0. 

(b) Yes: a picture on the classroom wall high above the floor. 

(c) Yes: an eraser hurtling across the room. 

(d) Yes: the block stationary on the floor. 


In order the ranking: c > a = d > b. We have 


1 

2 


mv 2 =/j k mgd so 


d = v 2 /2/u k g. The quantity v 2 /y k controls the skidding distance. In the 
cases quoted respectively, this quantity has the numerical values: (a) 5 
(b) 1.25 (c) 20 (d) 5. 


Answer (a). We assume the climber has negligible speed at both the 
beginning and the end of the climb. Then K f = K t , and the work done by 
the muscles is 


W nc =0 +(u, -U i )=mg(y,-y i ) 
=(70.0 kg)(9.80 m/s 2 )(325 m) 
=2.23 x 10 5 J 


The average power delivered is 


P 


_W nc _ 2.23 x 10 5 J 

At “(95.0min)(60s/l min) 


=39.1 W 


Answer (d). The energy is internal energy. Energy is never "used up." 
The ball finally has no elevation and no compression, so the ball-Earth 
system has no potential energy. There is no stove, so no energy is put 
in by heat. The amount of energy transferred away by sound is 
minuscule. 


Answer (c). Gravitational energy is proportional to the mass of the 
object in the Earth's field. 
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lNSWERS to conceptual questions 


C Q 8.1 (a) No. They will not agree on the original gravitational energy if they 

make different y = 0 choices, (b) Yes, (c) Yes. They see the same change 
in elevation and the same speed, so they do agree on the change in 
gravitational energy and on the kinetic energy. 

CQ8.2 The larger engine is unnecessary. Consider a 30-minute commute. If 
you travel the same speed in each car, it will take the same amount of 
time, expending the same amount of energy. The extra power available 
from the larger engine isn't used. 

CQ8.3 Unless an object is cooled to absolute zero, then that object will have 
internal energy, as temperature is a measure of the energy content of 
matter. Potential energy is not measured for single objects, but for 
systems. For example, a system comprised of a ball and the Earth will 
have potential energy, but the ball itself can never be said to have 
potential energy. An object can have zero kinetic energy, but this 
measurement is dependent on the reference frame of the observer. 

CQ8.4 All the energy is supplied by foodstuffs that gained their energy from 
the Sun. 

C Q 8.5 (a) The total energy of the ball-Earth system is conserved. Since the 

system initially has gravitational energy mgh and no kinetic energy, the 
ball will again have zero kinetic energy when it returns to its original 
position. Air resistance will cause the ball to come back to a point 
slightly below its initial position, (b) If she gives a forward push to the 
ball from its starting position, the ball will have the same kinetic 
energy, and therefore the same speed, at its return: the demonstrator 
will have to duck. 


CQ8.6 Yes, if it is exerted by an object that is moving in our frame of 

reference. The flat bed of a truck exerts a static friction force to start a 
pumpkin moving forward as it slowly starts up. 

C Q 8.7 (a) original elastic potential energy into final kinetic energy 

(b) original chemical energy into final internal energy 

(c) original chemical potential energy in the batteries into final 
internal energy, plus a tiny bit of outgoing energy transmitted by 
mechanical waves 


(d) original kinetic energy into final internal energy in the brakes 

(e) energy input by heat from the lower layers of the Sun, into energy 
transmitted by electromagnetic radiation 

(f) original chemical energy into final gravitational energy 
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CQ8.8 (a) 


(b) 


(c) 


(d) 


(e) 


(i) A campfire converts chemical energy into internal energy, 
within the system wood-plus-oxygen, and before energy is 
transferred by heat and electromagnetic radiation into the 
surroundings. If all the fuel burns, the process can be 100% 
efficient. 

(ii) Chemical-energy-into-internal-energy is also the conversion 
as iron rusts, and it is the main conversion in mammalian 
metabolism. 

(i) An escalator motor converts electrically transmitted energy 
into gravitational energy. As the system we may choose 
motor-plus-escalator-and-riders. The efficiency could be, say 
90%, but in many escalators a significant amount of internal 
energy is generated and leaves the system by heat. 

(ii) A natural process, such as atmospheric electric current in a 
lightning bolt, which raises the temperature of a particular 
region of air so that the surrounding air buoys it up, could 
produce the same electricity-to-gravitational energy 
conversion with low efficiency. 

(i) A diver jumps up from a diving board, setting it vibrating 
temporarily. The material in the board rises in temperature 
slightly as the visible vibration dies down, and then the board 
cools off to the constant temperature of the environment. This 
process for the board-plus-air system can have 100% 
efficiency in converting the energy of vibration into energy 
transferred by heat. The energy of vibration is all elastic 
energy at instants when the board is momentarily at rest at 
turning points in its motion. 

(ii) For a natural process, you could think of the branch of a palm 
tree vibrating for a while after a coconut falls from it. 

(i) Some of the energy transferred by sound in a shout results in 
kinetic energy of a listener's eardrum; most of the 
mechanical-wave energy becomes internal energy as the 
sound is absorbed by all the surfaces it falls upon. 

(ii) We would also assign low efficiency to a train of water waves 
doing work to shift sand back and forth in a region near a 
beach. 

(i) A demonstration solar car takes in electromagnetic-wave 
energy in sunlight and turns some fraction of it temporarily 
into the car's kinetic energy. A much larger fraction becomes 
internal energy in the solar cells, battery, motor, and air 
pushed aside. 
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(ii) Perhaps with somewhat higher net efficiency, the pressure of 
light from a newborn star pushes away gas and dust in the 
nebula surrounding it. 

CQ8.9 The figure illustrates the relative amounts of the 

forms of energy in the cycle of the block, where the 
vertical axis shows position (height) and the 
horizontal axis shows energy. Let the gravitational 
energy ( U g ) be zero for the configuration of the 
system when the block is at the lowest point in the 
motion, point (3). After the block moves 
downward through position (2), where its kinetic 
energy ( K ) is a maximum, its kinetic energy 
converts into extra elastic potential energy in the spring ( U s ). After the 
block starts moving up at its lower turning point (3), this energy 
becomes both kinetic energy and gravitational potential energy, and 
then just gravitational energy when the block is at its greatest height 
(1) where its elastic potential energy is the least. The energy then turns 
back into kinetic and elastic potential energy as the block descends, 
and the cycle repeats. 

CQ8.10 Lift a book from a low shelf to place it on a high shelf. The net change 
in its kinetic energy is zero, but the book-Earth system increases in 
gravitational potential energy. Stretch a rubber band to encompass the 
ends of a ruler. It increases in elastic energy. Rub your hands together 
or let a pearl drift down at constant speed in a bottle of shampoo. Each 
system (two hands; pearl and shampoo) increases in internal energy. 



energy 


ANS. FIG. CQ8.9 


SOLUTIONS TO END-OF-CHAPTER PROBLEMS 


Section 8.1 Analysis Model: Nonisolated system (Energy) 

P8.1 (a) The toaster coils take in energy by electrical transmission. They 

increase in internal energy and put out energy by heat into the air 
and energy by electromagnetic radiation as they start to glow. 

1 ^= 0 +^ 47^1 


(b) The car takes in energy by matter transfer. Its fund of chemical 
potential energy increases. As it moves, its kinetic energy 
increases and it puts out energy by work on the air, energy by 
heat in the exhaust, and a tiny bit of energy by mechanical waves 
in sound. 


| A* +AU +A e m =w +0 +r MW +Q 
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(c) You take in energy by matter transfer. Your fund of chemical 
potential energy increases. You are always putting out energy by 
heat into the surrounding air. 

(d) Your house is in steady state, keeping constant energy as it takes 
in energy by electrical transmission to run the clocks and, we 
assume, an air conditioner. It absorbs sunlight, taking in energy 
by electromagnetic radiation. Energy enters the house by matter 
transfer in the form of natural gas being piped into the home for 
clothes dryers, water heaters, and stoves. Matter transfer also 
occurs by means of leaks of air through doors and windows. 

|0 ~Q ~k^~MT ~k^~RT +7-J 

(a) The system of the ball and the Earth is isolated. The gravitational 
energy of the system decreases as the kinetic energy increases. 

{AK +AU =^1 

|^mi/ 2 - 0 j +[-mgh - o) =0 -> ^ mv 2 =mgy 

\v=j2gh | 

(b) The gravity force does positive work on the ball as the ball moves 
downward. The Earth is assumed to remain stationary, so no 
work is done on it. 

A K=W 

|^m\/ 2 - 0 j =mgh -> ^ mv 2 =mgy 

\v=j2gh | 
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Section 8.2 Analysis M odel: Isolated system 

P8.3 From conservation of energy for the block-sprin 
Earth system, 

U {f = U sl 

or 

(0.250 kg)(9.80 m/s 2 )h 

=j^05 000 N/m)(0.100 m) 2 

This gives a maximum height, h = | 10.2 m~| . 

P8.4 (a) A/C +AU =0 —> A/C =-AU 

^mv 2 -^mv 2 =-[mgy f -mgyi) 

1 2 1 2 , 

-mvf =-mvf +mgy f 

2 ' 2 ' yyf 

We use the Pythagorean theorem to express the original kinetic 
energy in terms of the velocity components (kinetic energy itself 
does not have components): 

+ \ mv i] = {l mv xf +0 ] +m Wf 
^mv 2 +-^mv 2 =^mv 2 f +mgy f 
Because v xi = v xf , we have 

1 i/ 2 

-mv 2 =mgy f ^y f 
so for the first ball: 


(Energy) 



ANS. FIG. P8.3 


v 2 _[(1000 m/s) sin 37.0°f 
2g 2(9.80 m/s 2 ) 


=| 1.85 xlO 4 "^"] 


and for the second, 

_ (lOOO m/s) 2 
Yf _ 2(9.80 m/s 2 


= 5.10 xlO 4 m 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly; 











380 Conservation of Energy 


P8.5 


(b) The total energy of each ball-Earth system is constant with value 

fmech = K i +U , = K i +° 

Fmech =^( 20.0 kg)(l 000 m/s) 2 = | 1.00 xlO 7 J~| 


The speed at the top can be found from the 
conservation of energy for the bead-track- 
Earth system, and the normal force can be 
found from Newton's second law. 

(a) We define the bottom of the loop as 
the zero level for the gravitational 
potential energy. 

Since = 0, 

E. = K t + U { = 0 + mgh = mg(3.50R) 
The total energy of the bead at point 
@ can be written as 

E a =K a MJ a =^mv 2 +mg(2R) 




ANS. FIG. P8.5 


Since mechanical energy is conserved, E t = E A , we get 
mg(3.50R) =^mv A +mg(2R ) 

simplifying, 

\f A =3.00 gR 

|~ v A =^3.00 6^] 

(b) To find the normal force at the top, we construct a force diagram 
as shown, where we assume that n is downward, like mg. 
Newton's second law gives X F =md c , where a c is the centripetal 
acceleration. 


XFy =ma y : n +mg =- 


n =m\ —- 


r v 2 1 r 3.1 

[T- g H~ 


.00 gR 


- g =2.00mg 


n= 2.00(5.00xlO" 3 kg)(9.80 m/s 2 ) 
= | 0.098 0 N downward | 
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P8.6 (a) Define the system as the block 



and the Earth. 

AK + AU = 0 

- mgh A ) =0 



ANS. FIG. P8.6 


v B =j 2 g(h A -h B ) 

v B =^2(9.80 m/s 2 )(5.00 m- 3.20 m) = |5.94 m/s| 

Similarly, 

v c =j2g(h A -t\.) 

V c =^/2g(5.00-2.00) = | 7.67 m/s | 

(b) Treating the block as the system, 

W g \^ c =A K =^mv 2 c -0 «|(5.00 kg)(7.67 m/s) 2 = | 147 J | 

P8.7 We assign height y = 0 to the table top. Using 

conservation of energy for the system of the Earth 


(a) Choose the initial point before release and the 

final point, which we code with the subscript m 2 = 

fa, just before the larger object hits the floor. 3.ookg T 

No external forces do work on the system and 1 f 

no friction acts within the system. Then total 

mechanical energy of the system remains ANS.FIG.P8.7 

constant and the energy version of the 

isolated system model gives 


and the two objects: 


D L 



(K A + K, + U s ) l = (K A +K l +U l! ) /i , 

At the initial point, K Ai and K Bi are zero and we define the 
gravitational potential energy of the system as zero. Thus the total 
initial energy is zero, and we have 


0 =^(mj +m 2 )v 2 fg +m 2 gh +m 1 g(-h) 


Here we have used the fact that because the cord does not stretch, 
the two blocks have the same speed. The heavier mass moves 
down, losing gravitational potential energy, as the lighter mass 
moves up, gaining gravitational potential energy. Simplifying, 
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(m 1 -m 2 )gh =-(m, +m 2 )v 2 fa 


Vfa=, 


l2(m 1 -m 2 )gh 

(/r/j +m 2 ) 


_ 12(5.00 kg-3.00 kg) g (4.00 m) 
Y (5.00 kg +3.00 kg) 


=Vl9.6 m/s = | 4.43 m/s~| 


(b) Now we apply conservation of energy for the system of the 

3.00-kg object and the Earth during the time interval between the 
instant when the string goes slack and the instant at which the 
3.00-kg object reaches its highest position in its free fall. 

AK +AU =0 -> A K =-AU 

1 , v 2 

0--m 7 v 2 =-m 7 gAy ^ Ay =— 

2 2 2y y y 2g 

Ay =1.00 m 

y max =4.00 m +Ay = | 5.00 m | 


We assume m 1 > m 2 . We assign height y = 0 to the table top. 

(a) AK + AU = 0 

AK j +AK 2 +AU j +AU 2 =0 

j^m^ 2 - oj +^m 2 \/ 2 - oj +(o -m^h) +(m 2 gh- 0 ) =0 

^(m 1 +m 2 )v 2 =/n 1 g/7-m 2 g/i =(m r m 2 )gh 

v= l 2(m 1 -m 2 )gh 

]j m 1 +m 2 

(b) We apply conservation of energy for the system of mass m 2 and 
the Earth during the time interval between the instant when the 
string goes slack and the instant mass m 2 reaches its highest 
position in its free fall. 

AK +AU =0 -> AK =-AU 

0-| m 2 v 2 =-m 2 gAy^Ay=^ 
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P8.9 


P8.10 


The maximum height of the block is then 


Ym ax 

Y m ax 


. . 2( m x -m 2 )gh , ( m,-m 2 )h 

=h +Ay =h =!#—-— 

2g(m 1 +m 2 ) m 1 +m 2 

_(m 1 +m 2 )h (m 1 -m 2 )/i 
m 1 +m 2 m 1 +m 2 


2m x h 
m 1 +m 2 


The force of tension and subsequent force of 
compression in the rod do no work on the ball, 
since they are perpendicular to each step of 
displacement. Consider energy conservation of 
the ball-Earth system between the instant just 
after you strike the ball and the instant when it 
reaches the top. The speed at the top is zero if 
you hit it just hard enough to get it there. We 
ignore the mass of the "light" rod. 

AK + AU = 0: 

+[mg(2L)-o] =0 




A NS. FIG. P8.9 


V, =^4 gL =^4(9.80 m/s 2 )(0.770 m) 
V, = | 5.49 m/s~| 


(a) One child in one jump converts chemical energy into mechanical 
energy in the amount that the child-Earth system has as 
gravitational energy when she is at the top of her jump: 

mgy = (36 kg)(9.80 m/s 2 ) (0.25 m) = 88.2 J 
For all of the jumps of the children the energy is 
12(l.05 x 10 6 )(88.2 J) IJLlxlO 9 rf 


(b) The seismic energy is modeled as 

E= (s]( 1,llx10 ’ j)=i.iixio 5 j 


making the Richter magnitude 

ldgE-4.8 log(l.llxl0 5 )-4.8 5.05-4.8 


1.5 
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When block B moves up by 1 cm, block A moves down by 2 cm and 
the separation becomes 3 cm. We then choose the final point to be 
h v. 

when B has moved up by — and has speed Then A has moved 
down ^ and has speed v A \ 

AK +AU =0 


(K A +K B +U g ) f -(K A +K,+U g \=0 

(K A +K t +U g ) j =(K A +K t -W g ) f 


o+o+o =-mv 2 +- 
2 A 


1 (V A 
—m — 

2 { 2 . 


+ mgh mg2h 

~3 3 


mgh 5 , 

=-mv 2 . 

3 8 A 



Section 8.3 Situations Involving Kinetic Friction 

P8.12 We could solve this problem using Newton's second law, but we will 
use the nonisolated system energy model, here written as -f k d = K f - K ir 
where the kinetic energy change of the sled after the kick results only 
from the friction between the sled and ice. The weight and normal 
force both act at 90° to the motion, and therefore do no work on the 
sled. The friction force is 

f k = W=Wng 

Since the final kinetic energy is zero, we have 

-f k d =~*s 

or i mvf =/J k mgd 

Thus, 

, mvf mvf vf (2.00 m/s) 2 r———, 

2 f k 2g k mg 2g k g 2(0.100)(9.80 m/s 2 ) 1 - 1 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly i 


sible website, in whole or in part. 







Chapter 8 


385 


P8.13 


P8.14 


We use the nonisolated system energy model, here written as 

-f^d = Kf~ K,, where the kinetic energy change of the sled after the kick 

results only from the friction between the sled and ice. 

AK+AU =- f k d. 

0 --mv 2 =-f k d 
2 k 

hnv 2 =p k mgd 


which gives 



(a) The force of gravitation is 

(10.0 kg) (9.80 m/s 2 ) = 98.0 N 
straight down, at an angle of 
(90.0° + 20.0°) = 110.0° 

with the motion. The work done by 
gravitational force on the crate is 

W g =FAr =mg £ cos[90.0° +d) 

=(98.0 N)(5.00 m) cos 110.0° = |—168 J| 

(b) We set the x and y axes parallel and perpendicular to the incline, 
respectively. 

From LF y = ma y , we have 
n - (98.0 N) cos 20.0° = 0 
so n = 92.1 N 
and 

f k = fi k n = 0.400 (92.1 N) = 36.8 N 
Therefore, 

AE mt = f k d=( 36.8 N)(5.00 m) = | 184 J | 

(c) I N f =Ft =(100 N)(5.00 m) = | 500 J | 

(d) We use the energy version of the nonisolated system model. 

AK =- f k d+£'W ofher fo^ 

AK =- f k d+W g +l/l/ applied force +W n 
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The normal force does zero work, because it is at 90° to the 
motion. 

AK =-184 J-168 J +500 J +0 =\~ 

(e) Again, K f -K, =- f k d +£l/1/ otherforces , so 

=II/l/ otherforces - f k d 


v ' = Si 


AK +-mvf 
2 . 


^+-j[148J +1(10.0 kg)(1.50 m/s) 2 ] 


|2(l59 kg m 2 /s 2 ) .- 

* 10.0 kg = ^5^1 


(a) The spring does positive work on the 
block: 

I/14 =-kxf --kxl 

s 2 ' 2 f 

l/l/ s =|(500 N/m)(5.00xl0“ 2 m) 2 -0 
=0.625 J 

Applying AK = W s : 

1 2 1 2 

2 f 2 ' 

=W s ^-mv 2 f -0=W s 


* = 500 N/n 

iHi 


mm= 2ks 


••-•j 5 cm 
/* = 0 


1«]5 


ANS. FIG. P8.15 


■f 


2(0.625) 


m/s = 0.791 m/s 
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P8.16 


(b) Now friction results in an increase in internal energy f k d of the 
block-surface system. From conservation of energy for a 
nonisolated system. 


W 5 =AK +AE int 
A K =W S - f k d 

^mv 2 f - ^ mvf =W S - f k d =W S - p s mgd 

hrw) =0.625 J- (0.350)(2.00 kg)(9.80 m/s 2 )(0.050 0 m) 

^(2.00 kg)i/ 2 =0.625 J - 0.343 J =0.282 J 

V, 0-531 m/s 

XF y =ma y : n- 392 N =0 
n =392 N 

f k =p k n =(0.300)(392 N) =118 N 

(a) The applied force and the motion are 
both horizontal. 

W F =Fdcos6 

=(130 N)(5.00 m)cos0° 

= | 650 J | 

(b) AE mt = f k d=[ 118 N)(5.00 m) = | 588 J | 

(c) Since the normal force is perpendicular to the motion, 

W n =ndc osd =(392 N)(5.00 m)cos90° = fo~| 

(d) The gravitational force is also perpendicular to the motion, so 

W g =mgdcos6 =(392 N)(5.00 m)cos(-90°) = |~0~| 

(e) We write the energy version of the nonisolated system model as 

AK=K f -K i =J jWo ^-AE m 



ANS. FIG. P8.16 


^mvf-0 =650 J - 588 J +0 +0 = | 62.0 J | 


(f) 


■ I 2 (62-0 J) 

V m \ 40.0 kg 


1.76 m/s] 
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P8.17 (a) AE tat =-AK =-^m(v 2 f - vf): 

A£ mt =-^-(0.400 kg)[(6.00) 2 -(8.00) 2 ](m/s) 2 = |5.60 j| 

(b) After N revolutions, the object comes to rest and K f = 0. 
Thus, 

AE mt =-A K 

f k d =-(0-K ; ) =^mvf 


lu k mg[N (2nr)] = -mvf 


This gives 


(8.00 m/s) 2 


H k mg(2nr) (0.152)(9.80 m/s 2 )2^(1.50 m) 


Section 8.4 Changes in M echanical Energy for 
N on conservative Forces 


P8.18 


(a) If only conservative forces act, then the total mechanical energy 
does not change. 

AK + AU = 0 or U f =K i -K f +U l 
U f = 30.0 J -18.0 J + 10.0 J = 122.0 J | 

E=K+U =30.0 J +10.0 J = |40.0 J| 


(b) | Yes | , if the potential energy is less than 22.0 J. 


(c) 


If the potential energy is 5.00 J, the total mechanical energy 
is E =K +U =18.0 J +5.00 J =23.0 J, less than the original 
40.0 J. The total mechanical energy has decreased, so a non¬ 
conservative force must have acted. 
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P8.19 


P8.20 



A NS. FIG. P8.19 


The boy converts some chemical energy 
in his body into mechanical energy of 
the boy-chair-Earth system. During this 
conversion, the energy can be measured 
as the work his hands do on the wheels. 

AK +AU + AU body =- f k d 
(K f -K,)+(u f -U ( )+AU My =-4d 

f k d=K, 

Rearranging and renaming, we have 

\mvf +mgy, +W byboy - f k d =^mv 2 

vf)-mgy i+ f t d 

=1(47.0 kg)[(6.20 m/s) 2 -(1.40 m/s) 2 ] 

- (47.0 kg)(9.80 m/s 2 )(2.60 m) 

+(41.0 N)(l2.4 m) 

= | 168 J 

(a) Apply conservation of energy to the bead-string-Earth system to 
find the speed of the bead at (6). Friction transforms mechanical 
energy of the system into internal energy AE irit = f k d. 

AK +AU +AE ]nt =0 

-\ mv *\ + ( m 9y B -mgy A ) + W =o 

[\™ 2 b - 0 j +(o - mgy A ) + f k d =0 -> ±mv 2 B =mgy A - f k d 

[~ 2fJ 

V ° =f 9y *~ m : 

For y A = 0.200 m ,f k = 0.025 N,d = 0.600 m, and m = 25.0 x 10“ 3 kg: 

v e =J 2 (9.80 m/s 2 )(0.200 m )_4°^ N)(0 600 m) 

8 y ' 1 25.0 x 10 -3 kg 

=VZ72 m/s 


\v B =1.65 m/s 
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(b) The red bead slides a greater distance along the curved path, so 
friction transforms more of the mechanical energy of the system 
into internal energy. There is less of the system's original 
potential energy in the form of kinetic energy when the bead 
arrives at point (6). The result is that the green bead arrives at 
point (6) first and at higher speed. 

Use Equation 8.16: AE mech =AK +AU =- f k d 

[K f - K ,) +{il f -U,)=- f k d 
K, +Ui - f k d=K f +U f 
(a) K, +U,~ f k d=K f +U f 


0 +-kx 2 - fAx =-mv 2 +0 
2 2 

|(8.00 N/m)(5.00xl0- 2 m) 2 -(3.20xl0~ 2 n)( 0.150 m) 
=|(5.30xl0~ 3 kg)v 2 


v = 


|2(5.20xl0“ 3 j) 
5.30 xl(T 3 kg 


= | 1.40 m/s | 


(b) When the spring force just equals the friction force, the ball will 
stop speeding up. Here |F S | =kx; the spring is compressed by 


3.20 x 10" 2 N 
8.00 N/m 


=0.400 cm 


and the ball has moved 


5.00 cm - 0.400 cm = |4.60 cfn from thestartj 
(c) Between start and maximum speed points, 

l l2 r 1 2 1 , 2 

-kxf - fAx =-mv H— kxi 
2 ' 2 2 f 

^(8.00 N/m)(5.00xl0“ 2 m) 2 - (3.20 x 10“ 2 n)(4.60x 10" 2 m) 
=^(5.30 x 10“ 3 kg)v 2 +|(8.00 N/m)(4.00xl0' 3 m) 2 
v = | 1.79 m/s 
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P8.22 For the Earth plus objects 1 



(block) and 2 (ball), we write 
the energy model equation as -*■ 



- (K x + K 2 + U, + ll 2 ) ; 

= lather forces" W 


5.00 kg 


o 


'other forces 


A NS. FIG. P8.22 


Choose the initial point 

before release and the final point after each block has moved 1.50 m. 
Choose U = 0 with the 3.00-kg block on the tabletop and the 5.00-kg 
block in its final position. 


So 


K u - K 2i =U u - U lf = U 2f - 0 


We have chosen to include the Earth in our system, so gravitation is an 
internal force. Because the only external forces are friction and normal 
forces exerted by the table and the pulley at right angles to the motion, 

5X teIoras =o 

We now have 


v 2 f +^m 2 v 2 f +0+0-0-0-0- m 2 gy 2i =0- f k d 


where the friction force is 

f k =p k n =p k m A g 

The friction force causes a negative change in mechanical energy 
because the force opposes the motion. Since all of the variables are 
known except for v fr we can substitute and solve for the final speed. 



, 2 _ 2gh(m 2 -p k m 1 ) 
m 1 +m 2 

1 2(9.80 m/s 2 )(l.50 m)[5.00 kg-0.400(3.00 kg)] 
8.00 kg 

= | 3.74 m/s | 
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P8.23 We consider the block-plane-planet system 
between an initial point just after the block 
been given its shove and a final point when 
the block comes to rest. 

(a) The change in kinetic energy is 



AK =K f -K, =-mv 2 f --mv 2 

f 2 f 2 ' 


A NS. FIG. P8.23 


=0-1(5.00 kg)(8.00 m/s) 2 = |-160j| 


(b) The change in gravitational potential energy is 

A U =U f -U, =mgh 

=(5.00 kg)(9.80 m/s 2 )(3.00 m)sin30.0° = | 73.5 J | 

(c) The nonisolated system energy model we write as 


AK+AU =£l/l/ 0 , 


- f k d= 0- f k d 


'other forces 


The force of friction is the only unknown, so we may find it from 



(d) The forces perpendicular to the incline must add to zero. 
Y,F y =0: +n-mg cos 30.0° =0 

Evaluating, 

n =mg cos30.0° =(5.00 kg)(9.80 m/s 2 )cos30.0° =42.4 N 
Now f k =fJ k n gives 



P8.24 (a) The object drops distance d = 1.20 m until it hits the spring, then it 


continues until the spring is compressed a distance x. 


AK +A U =0 
Kf-K, +U f -U i =0 



^kx 2 -mg[x +d) =0 
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^(320 N/m)x 2 - (l.50 kg)(9.80 m/s 2 )(x +1.20 m) =0 

Dropping units, we have 

160x 2 - (14.7 )x-17.6 =0 

_14.7 ±7(-14.7) 2 -4(l60)(-17.6) 

X 2(160) 

14.7 ±107 

x =- 

320 

The negative root does not apply because x is a distance. We have 
x = | 0.381 m~| 

(b) This time, friction acts through distance (x + d) in the object- 
spring-Earth system: 

A K +AU =-f k (x+d) 

0- 0+ ^/a 2 -o] +[mg{-x)-mgd] =- f k [x +d) 

^ kx 2 -[mg - f k )x-(mg- f k )d =0 

where mg -f k = 14.0 N. Suppressing units, we have 
160X 2 - 14.0X-16.8 =0 
160X 2 - 14.0x-16.8 =0 
_14.0 ± a /(-14.0) 2 -4(160)(-16.8) 

X 2(160) 

14.0 ±105 

x =- 

320 

The positive root is X = | 0.371 mT| 

(c) On the Moon, we have 

^kx 2 -mg[x +d) =0 

^(320 N/m)x 2 - (l.50 kg)(l.63 m/s 2 )(x+1.20 m) =0 

Suppressing units, 

160X 2 - 2.45X- 2.93 =0 
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_2.45 ±7(-2.45) 2 -4(l60)(-2.93) 

* 2(160) 

2.45 ±43.3 

x =- 

320 

x = | 0.143 m | 

P8.25 The spring is initially compressed by x { = 0.100 m. The block travels up 
the ramp distance d. 

The spring does work l/IA =- kxf - - kxl =— kxf - 0 =- kxf on the 
block. 

Gravity does work = mgdc os(90° + 60.0°) = mgdsin(60.0°) on the 
block. There is no friction. 

(a) Xl/I/ =AK: W s +W g = 0 

jkxf-mgd sin(60.0°) =0 

|(1.40xl0 3 N/m)(0.100 m) 2 

-(0.200 kg)(9.80 m/s 2 )c/(sin60.0°) =0 
d = |4.12 m| 

(b) Within the system, friction transforms kinetic energy into internal 
energy: 

AEint = fk d = (Vk n ) d = VkimQ cos 60.0°) d 

lW=AK+AE int : W s + W g - AE^ = 0 
^ kxf - mgd sin 60.0°- g k mg cos 60.0°c/ =0 

^(1.40xl0 3 N/m)(0.100 m) 2 

-(0.200 kg)(9.80 m/s 2 )d(sm 60.0°) 

- (0.400)(0.200 kg)(9.80 m/s 2 )(cos 60.0°)d=0 

d = [3.35 m| 

P8.26 Air resistance acts like friction. Consider the whole motion: 

AK +AU =- f air d-> /C, +U i - f aix d=K f +U f 
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P8.27 


(a) 0 +mgy, - f 1 d 1 - f 2 d 2 =-mv 2 f +0 

(80.0 kg)(9.80 m/s 2 )l 000 m- (50.0 n)( 800 m)- (3 600 n)( 200 m) 
=i(80.0 kg)l4 

784 000 J - 40 000 J- 720 000 J =^(80.0 kg) v* f 

f 2(24 000 j) _ 

80.0 kg ' 


24.5 m/s 


(b) | Yes. This is too fast for safety] 

(c) Now in the same energy equation as in part (a), d 2 is unknown, 
and d 1 = 1 000 m - d 2 : 

784 000 J-(50.0 N)(l 000 m- 4)- (3 600 N)d 2 

=^-(80.0 kg)(5.00 m/s) 2 
784 000 J - 50 000 J - (3 550 N)d, =1000 J 


. 733 000 J . 

=1 206 m | 


3 550 N 


(d) 


(a) 


The air drag is proportional to the square of the sky diver's 
speed, so it will change quite a bit. It will be larger than her 
784-N weight only after the chute is opened. It will be nearly 
equal to 784 N before she opens the chute and again before 
she touches down whenever she moves near terminal speed. 


Yes, the child-Earth system is isolated because the only force 
that can do work on the child is her weight. The normal force 
from the slide can do no work because it is always perpendicular 
to her displacement. The slide is frictionless, and we ignore air 
resistance. 


(b) | No, because there is no friction. | 

(c) At the top of the water slide, 

li g = mgh and K = 0: E = 0 + mgh —> I E =mgh I 
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(d) At the launch point, her speed is v v and height h = h/5: 
E = K+U 


1 2 mgh 
-mv 2 +—?— 

2 ' 5 


(e) At her maximum airborne height, h = y max : 

£ = 1 mv 2 + mgh = i m(v 2 + v 2 ) + mgy me 


£ = 1 m(vj + 0) + nigy max —> £ = ^ mv 2 +mgy mi 


(f) £ = mgh = — mv 2 + mgh/5 


(g) At the launch point, her velocity has components v xi = v t cos # and 
v yi = Vf sin#: 

r 1 2 mgh 1 2 , 

E =-mvf H—— =-mv 2 +mgy max 
2 1 5 2 y/max 


-»^ prvf =^pr[ Vj cos#) 2 +prgy max 
-> ^ vf (l - cos 2 #) +^~ =gh max 


-^ = 

ax = 


1 

20 


r^id- 


(l — COS 2 # ) 


H- 


^nax =^l--COS 2 # 


(h) 


No. If friction is present, mechanical energy of the system would 
not be conserved, so her kinetic energy at all points after leaving 
the top of the waterslide would be reduced when compared with 
the frictionless case. Consequently, her launch speed, maximum 
height reached, and final speed would be reduced as well. 
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Section 8.5 Power 

P8.28 (a) The moving sewage possesses kinetic energy in the same amount 


as it enters and leaves the pump. The work of the pump increases 
the gravitational energy of the sewage-Earth system. We take the 
equation K t + U gi + W pump = K f + U gf , subtract out the K terms, and 
choose U gi = 0 at the bottom of the pump, to obtain W pump = mgy f . 
Now we differentiate through with respect to time: 



=(l 050 kg/m 3 )(l.89x!0 6 L/d) 



= 11.24 x10 s w| 

_ useful output work _ useful output work/At 
total input work useful input work/At 

_ mechanical output power _1.24 kW 
input electric power 5.90 kW 
=1 0.209 I =20.9% 


The remaining power, 5.90 - 1.24 kW = 4.66 kW, is the rate at 
which internal energy is injected into the sewage and the 
surroundings of the pump. 


P8.29 The Marine must exert an 820-N upward force, opposite the 

gravitational force, to lift his body at constant speed. The Marine's 
power output is the work he does divided by the time interval: 


Power =— 
t 


p - m 9 h _(820 N)(l2.0 m) 


iNAiAUm; =1 230 w _ fy23kWl 
8.00 s 1 - 1 


t 8.00 s 


P8.30 (a) P av 


1 / 1 / _K f _mv 2 _ 
A t ~~M ~ 
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P8.31 


P8.32 


P8.33 


(b) 


Some of the energy transferring into the system of the train 
goes into internal energy in warmer track and moving parts 
and some leaves the system by sound. To account for this as 
well as the stated increase in kinetic energy, energy must be 
transferred at a rate higher than 8.01 W. 


When the car moves at constant speed on a level roadway, the power 
used to overcome the total friction force equals the power input from 
the engine, or P output =/ total v = P input . This gives 

f - 175 h P { 746 W 1 

total v 29 m/s [ lhp J 

=4.5 x 10 5 N or about f 5xl0 5 N. I 


Neglecting any variation of gravity with altitude, the work required to 
lift a 3.20 x 10 7 kg load at constant speed to an altitude of Ay = 1.75 km 
is 

1/1/ =A PE g =mg(Ay ) 

=(3.20xlO 7 kg)(9.80 m/s 2 )(l.75xl0 3 m) 

=5.49 xlO 11 J 


The time required to do this work using a P = 2.70 kW = 2.70 x 10 3 J/s 
pump is 

= W _ 5.49xlO 11 J _ 

~ P _ 2.70xl0 3 J/s " 

=(2.03xlO 8 s)U»L 
v ■ 1^3 600 

= |5.64xlO 4 h] =6.44 yr 



energy = power x time 
For the 28.0-W bulb: 


Energy used = (28.0 W)(1.00 x 10 4 h) = 280 kWh 
total cost = $4.50 + (280 kWh)($0.200/kWh) = $60.50 


For the 100-W bulb: 

Energy used = (100 W)(1.00 x 10 4 h) = 1.00 x 10 3 kWh 

# of bulbs used h =13.3 =13 bulbs 

750 h/bulb 
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P8.34 


P8.35 


P8.36 


*P8.37 


P8.38 


total cost = 13($0.420) + (1.00 x 10 3 kWh)($0.200/kWh) = $205.46 
Savings with energy-efficient bulb: 

$205.46 - $60.50 = $144.96 = | $ 1451 


The useful output energy is 

120 Wh(l-0.60 )=mg(y f -yi)=F Ay 

= | 194 m 

A 1 300-kg car speeds up from rest to 55.0 mi/h = 24.6 m/s in 15.0 s. 
The output work of the engine is equal to its final kinetic energy, 

|(l 300 kg)(24.6 m/s) 2 =390 kj 
with power P ^ I ~ 10 4 wT| around 30 horsepower. 



older-model: W = — mv 2 
2 


120 W (3 600 s)0.40 1 

f J 1 

{ N-m 

890 N ! 

lW-sJ 

I 


newer-model: I/I/ =^m( 2v) 2 =^(4 mv 2 ) 


newer 2At 2At 
[The power of the sports car is four times that of the older-model car.| 
(a) The fuel economy for walking is 


lh 1 

[ 3 mi V 

' 1 kcal V 

1.30x 10 8 J^| 

220 kcal ' 

1 h 

4 186 J 

v 1 gal J 

(b) For bicycling: 




lh 1 

f 10 mi ' 

\f 1 kcal ' 

| ( 1.30xl0 8 J 

400 kcal 1 

1 h - 

4 186 J ^ 

1 gal , 


423 mi/gal 


(a) The distance moved upward in the first 3.00 s is 
Ay =vAt =^ ° +L7 2 5m/S j(3.00 s) =2.63 m 
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P8.39 


P8.40 


The motor and the Earth's gravity do work on the elevator car: 

lector +Wgravity =A K 

l/l/motor +(mgAy)cosl80° =^mv 2 - 

W motor - (mgAy) =^mv 2 - | mv 2 

l/l/motor = ^ mv 2 f~^ mv f +mgAy 

^motor =|-(650 kg)(l.75 m/s) 2 -0 +(650 kg)g(2.63 m) 

=1.77 xlO 4 J 

Also, I/I I =PAt so P =— = 1 - 77xl ° J =1 5.91 xlO 3 W I =7.92 hp. 

At 3.00 s 1 - 1 F 

(b) When moving upward at constant speed {v = 1.75 m/s), the 
applied force equals the weight = (650 kg)(9.80 m/s 2 ) 

= 6.37 x 10 3 N. Therefore, 

p =F V =(6.37x 10 3 n)( 1.75 m/s) = | 1.11 xlO 4 w] =14.9 hp 

As the piano is lifted at constant speed up to the apartment, the total 
work that must be done on it is 

l/l/ nc =AK +AU g =0 +mg[y f - y,) 

=(3.50xlO 3 n)( 25.0 m) 

=8.75xlO 4 J 


The three workmen (using a pulley system with an efficiency of 0.750) 
do work on the piano at a rate of 

P net =0.750j^3P sin g le j =0.750[3(165 W)] =371 W =371 J/s 

so the time required to do the necessary work on the piano is 

At JA = 8 - 75xl ° 4 J =536il =(236 s)f—1 =13.93 mini 
P net 371 J/s 1 - 1 V \ 60 s J 1 - 1 

(a) Burning 1 kg of fat releases energy 
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P8.41 


The mechanical energy output is 
(3.77 x 10 7 j)(0.20) =nFdcosd 
where n is the number of flights of stairs. Then 
7.53 xlO 6 J =nmgAy cos 0° 

7.53 xlO 6 J =n(75 kg)(9.8 m/s 2 )(80 steps)(0.150 m) 
7.53xlO 6 J=n(8.82xl0 3 j) 

where the number of times she must climb the stairs is 


(b) 


_7.53xlO 6 J _ 


8.82 x 10 3 J 1 - 1 

Her mechanical power output is 


=- - 8 .82 x 10 3 J = ^ W | =(136 w) r JJS- 


t 65 s 
=| 0.182 hp | 


746 W 


(c) [This method is impractical compared to limiting food intake.| 
The energy of the car-Earth system is E =^mv 2 +mgy: 


E =-mv 2 +mgd sin 6 

where d is the distance the car has moved along the track. 

_ dE dv 

P =— =mv - \-mgv smd 

dt dt y 

(a) When speed is constant, 

P =mgv sin6 =(950 kg)(9.80 m/s 2 )(2.20 m/s)sin30.0° 


= 1.02xlO 4 W 


(b) 


dv 2.20 m/s-0 2 

— =pCf=-=0.183 m/s 

dt 12 s 

Maximum power is injected just before maximum speed is 
attained: 

P =mva+mgvsmO 

=(950 kg)(2.20 m/s)(o.l83 m/s 2 )+1.02xlO 4 W 


= 1.06xlO 4 W 
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(c) 


At the top end. 


^ mv 2 +mgdsmQ 

=950 kgjj(2.20 m/s) 2 +(9.80 m/s 2 )(l 250 m)sin30° 
= | 5.82 x 10^y~| 


Additional Problems 

*P8.42 At a pace I could keep up for a half-hour exercise period, I climb two 
stories up, traversing forty steps each 18 cm high, in 20 s. My output 
work becomes the final gravitational energy of the system of the Earth 
and me, 

mgy =(85 kg)(9.80 m/s 2 )(40 x 0.18 m) =6 000 J 


P8.43 


making my sustainable power 


6 000 J 
20 s 


= | ~ 10 2 w 


(a) U A =mgR =(0.200 kg)(9.80 m/s 2 )(0.300 m) = | 0.588 J | 


(b) K a +U a =K b +U b 

K b =K a MJ a -U b =mgR = | 0.588 J | 


P8.44 


( c ) ' / s=J-r = 


_ j 2(0.588 J) 


m 0.200 kg 


= 2.42 m/s 


(d) U c =mgh c =(0.200 kg)(9.80 m/s 2 )(0.200 m) = | 0.392 J | 

K c =K a +U a -U c =mg[h A -h c ) 

K c =(0.200 kg)(9.80 m/s 2 )(0.300- 0.200) m= | 0,196 J | 

(a) Let us take U = 0 for the particle-bowl-Earth system when the 
particle is at (§). Since v B = 1.50 m/s and m = 200 g, 

K B =-™l =-(0.200 kg)(1.50 m/s) 2 = | 0.225 J | 


(b) At ® ,v t = 0, K a = 0, and the whole energy at ® is U A = mgR: 

E i =K a MJ a =0 +mgR =(0.200 kg)(9.80 m/s 2 )(0.300 m) 
=0.588 J 
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At®, 

E f = K B + U B = 0.225 J + 0 

The decrease in mechanical energy is equal to the increase in 
internal energy. 

E mecM +AE mt =E mechf 

The energy transformed is 

AE, nt =-AE mech =E mechJ -E mechJ =0.588 J-0.225 J =| 0.363 J | 

(c) 

(d) 

P8.45 Taking y = 0 at ground level, and using conservation of energy from 
when the boy starts from rest {v l = 0) at the top of the slide (y, = H) to 
the instant he leaves the lower end ( y f = h ) of the frictionless slide at 
speed v, where his velocity is horizontal (v xf = v, v yf = 0), we have 

E o =E to p ^mv 2 +mgh =0 +mgH 

or v 2 =2 g[H-h) [1] 

Considering his flight as a projectile after leaving the end of the slide, 

Ay=v yi t+^a y f 

gives the time to drop distance h to the ground as 
-h=0+^(-g)f or t = 

The horizontal distance traveled (at constant horizontal velocity) 
during this time is d, so 

d = vt=v — and v=ct/^- 

v g V2 h 

Substituting this expression for v into equation [1] above gives 

^=2 g[H-h) or 

2 h 


H =h+— 
4 h 




[Nol 

It is possible to find an effective coefficient of friction, but 
not the actual value of p since n and f vary with position. 
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P8.46 


P8.47 


(a) Mechanical energy is conserved in the two blocks-Earth system: 


"W «§(™i +m 2 )v 2 

V-\ 

[ 2m i9y 1 

1/2 r 2(1.90 kg)(9.80 m/s 2 )(0.900 m)T 


\_m 1 +m 2 \ 

L 5 - 40 k § J 

= 

12.49 m/s 

1 


(b) For the 3.50-kg block from when the string goes slack until just 
before the block hits the floor, conservation of energy gives 

^(m 2 )v 2 +m 2 gy =^(m 2 )v 2 

v d =[2 gy +v 2 ] m =[2(9.80 m/s 2 )(1.20 m) +(2.49 m/s) 2 ] 1/Z 
= [5A5 m/s | 

(c) The 3.50-kg block takes this time in flight to the floor: from y = 
(1/2 )gt 2 we have t = [2(1.2)/9.8] 1/z = 0.495 s. Its horizontal 
component of displacement at impact is then 

x = v d t = (2.49 m/s)(0.495 s) = |l.23m| 


(d) mg 


(e) 


Some of the kinetic energy of m 2 is transferred away as sound 
and some is transformed to internal energy in m 1 and the floor. 


(a) Given m = 4.00 kg and x = t + 2.0t 3 , we find the velocity by 
differentiating: 


V 


dx _d 
dt dt 


(t+2t 3 )=l+6t 2 


Then the kinetic energy from its definition is 

K =^mv 2 =|(4.00)(l+61 2 ) 2 = | 2 +24f: 2 +72^ 


where K is in J and t is in s. 

(b) Acceleration is the measure of how fast velocity is changing: 

a= ^ = ^ +6f )=\^\ 

where a is in m/s 2 and t is in s. 

Newton's second law gives the total force exerted on the particle 
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by the rest of the universe: 

IF =ma =(4.00 kg)(l2t) = [48t] 
where F is in N and t is in s. 

(c) Power is how fast work is done to increase the object's kinetic 
energy: 

P =-^(2.00 +24^ +721 4 ) = |48£+288f 3 1 

where P is in W [watts] and f is in s. 

Alternatively, we could use P = Fv = 48f(1.00 + 6.0f 2 ). 

(d) The work-kinetic energy theorem AK =X 1/1/ lets us find the work 
done on the object between f, = 0 and ^ = 2.00 s. At f, = 0 we have 
K { = 2.00 J. At t f = 2.00 s, suppressing units, 

K f = [2 + 24(2.00 s) 2 + 72(2.00 s) 4 ] = 1250 J 
Therefore the work input is 

1/1/ =K f - K, =1 248 J = |l.25x!0 3 j| 

Alternatively, we could start from 
1/1/ = Pdt = J q 2 S (48t + 2881 3 )dt 

P8.48 The distance traveled by the ball from the top of the arc to the bottom 
is ttR. The change in internal energy of the system due to the 
nonconservative force, the force exerted by the pitcher, is 

A E =Fdc os0° =F(nR) 

We shall assign the gravitational energy of the ball-Earth system to be 
zero with the ball at the bottom of the arc. 

Then 

1 2 1 2 

AEmech =~ mV f - ~ mV i + m 9Y f - m 9Yi 

becomes 

^ mv 2 f =^mvf +mgy l +F [nR) =^mvf +mg2R +F [nR) 

^mv 2 f =^mvf +[2mg +nF)R 
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P8.49 


P8.50 


Solve for R, which is the length of her arms. 

v 2 -v 2 


R = 


1 2 1 2 
mvi —mvf 
_ 2 f 2 


2mg +nF 


4 mg +2 nF 


R =(0.180 kg )—7 - ( 25 - 0m/s ) 0 - =1.36 m 

v 6/ 4(0.180kg)g+2^(l2.0N) 

We find that her arms would need to be 1.36 m long to perform this 
task. This is significantly longer than the human arm. 


(a) 


0 +mgy A =-mv \ +0 


v B =^gy A =^ 2 ( 9.80 m/s 2 )6.30m ^'1 0.1 m/s : ;| 

(b) [K^J g +U M ) B =(K+U g ) D 

^mVg +U chemical =^mv 2 +mg(y D -y B ) 

^ chemical =\™l +mg(y D -y B ) 

=|m(^-\/ s 2 )+mg(y D -y e ) 

U chemical =^( 76 - 0 k g)[( 5 -14 m/s) 2 - (ll.l IXl/s f ] 

+(76.0 kg)( 9 .80 m/s 2 )(6.30 m) 

U chemical 

(c) [k +U g ) D =[k +U g ) E where E is the apex of his motion: 

+0 =0 +mg(y E -y D ) 

y F - y n =— = ( 5 - 14m/s ) =| 1.35 m I 
E D 2 g 2(9.80 m/s 2 ) 1 - 1 

(a) Simplified, the equation is 

0 = (9700 N/m)x 2 - (450.8 N)x -1395 N - m 
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P8.51 


Then 


-h±Vtf-4ac 


_450.8 N ±7(450.8 N) 2 -4(9700 N/m)(-1395 N-m) 
" 2(9700 N/m) 

450.8 N ±7370 N 


19 400 N/m 


- HQ-403-^#';^^57 ml !, 


(b) 


From a perch at a height of 2.80 m above the top of a pile of 
mattresses, a 46.0-kg child jumps upward at 2.40 m/s. The 
mattresses behave as a linear spring with force constant 
19.4 kN/m. Find the maximum amount by which they are 
compressed when the child lands on them. 


(c) 10.023 2 m. 


(d) 


This result is the distance by which the mattresses compress if 
the child just stands on them. It is the location of the equilibrium 
position of the oscillator. 


(a) The total external work done on the system of Jonathan-bicycle is 

I/I/ =AK =-mv 2 f --mvf 
2 f 2 1 

=^(85.0 kg)[(1.00 m/s) 2 -(6.00 m/s) 2 ] 

= |-1 490 J | 


(b) Gravity does work on the Jonathan-bicycle system, and the 
potential (chemical) energy stored in Jonathan's body is 
transformed into kinetic energy: 


A/C +AU chem =W g 

^ chem =W g -AK =-mgh - AK 

AU chem =-(85.0 kg)(?(7.30 m)- A/C =-6 080-1 490 

= | -7 570 J | 
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P8.52 


P8.53 


(c) Jonathan does work on the bicycle (and his mass). Treat his work 
as coming from outside the bicycle-Jonathan's mass system: 

A K +AU g =Wj 

W f =AK +mgh =-l 490 J +6 080 J = |4 590 j| 


(a) The total external work done on the system of Jonathan-bicycle is 
W =AK =[- 


1 2 1 2 
- mv}--mvf 
2 f 2 


(b) Gravity does work on the Jonathan-bicycle system, and the 
potential (chemical) energy stored in Jonathan's body is 
transformed into kinetic energy: 


A/C +AU diem =\N g 
AU chem =W g -AK 



(c) Jonathan does work on the bicycle (and his mass). Treat his work 
as coming from outside the bicycle-Jonathan's mass system: 

A K +AU g =1/1/,. 


Wj =AK +mgh ■■ 


1 2 1 2 , u 

-mv f --mvf +mgh 


(a) The block-spring-surface system is isolated with a 

nonconservative force acting. Therefore, Equation 8.2 becomes 

A/C +AU + AE mt =0 

(±mv 2 - o) +(A/cx 2 - \kx 2 ) + f k (x, - x) =0 

To find the maximum speed, differentiate the equation with 
respect to x: 

dv 

mv -1 -kx - t =0 

dx 

Now set dv/dx = 0: 


kx- f, =0 - 


_f^ 4.0 N 

~ k ~ 1.0 x 10 3 N/m 


= 4.0 x 10 3 m 


This is the compression distance of the spring, so the position of 
the block relative to x = 0 is |x=-4.0xl0~ 3 m.| 
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(b) By the same approach, 
kx- f k = 0 


= f jL 10.0 N 
X ~ k "1.0 x 10 3 N/m 


= 1.0 x 10 2 m 


so the position of the block is |x =-1.0 x 10 2 m.| 
PA t=W 


The density is p =-= - 

volume A Ax 

Substituting this into the first equation and 
Ax 


ANS. FIG. P8.54 


solving for P, since — = v for a constant speed, we get 


p JpAv[ 

2 

Also, since P = Fv, 


F _pAv 1 

2 


Our model predicts the same proportionalities as the empirical 
equation, and gives D =1 for the drag coefficient. Air actually 
slips around the moving object, instead of accumulating in front 
of it. For this reason, the drag coefficient is not necessarily unity. 
It is typically less than one for a streamlined object and can be 
greater than one if the airflow around the object is complicated. 


P =^Dpnr 2 \f 

(a) We use 1.20 kg/m 3 for the density of air, and calculate 

P a =i(l)(l.20 kg/m 3 )n (1.50 m) 2 (8.00 m/s) 3 
= |2.17xl0 3 w| 

(b) We solve part (b) by proportion: 



P b =27(2.17 x 10 3 W) =5.86x 10 4 W =|58.6 kW| 
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(a) In Example 8.3, m = 35.0 g, y A = -0.120 m, y B = 0, and k = 958 N/m. 
Friction f k = 2.00 N acts over distance d = 0.600 m. For the ball- 

spring-Earth system, K { = 0, U gi = mgy A , U 3 =^kx 2 , where 
x =\y A \}K f =0,U gf = mgy c , and U sf = 0. 

A K +AU =- f k d 

0 +(mgy c - mgy A ) +|^0- j =- f k d 
mgy c =mgy A +^kx 2 - f k d 


-kx 2 - f k d 


y c =y A +- 


(958 N/m)(0.120 m) 2 - (2.00 N)(0.600 m) 
(0.035 kg )g 


(b) The ball-spring-Earth system is not isolated as the popgun is 
loaded. In addition, as the ball travels up the barrel, a 
nonconservative force acts within the system. The system is 
isolated after the ball leaves the barrel. 








1 







non-isolated system 

after popgun is loaded: ball at level I 

1 

% 25 

1—1 1—1 



u u 

Energy Energy Energy Energy 




non-isolated system from A to B 



non-isolated system from A to B 



A NS. FIG. P8.56 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly i 


sible website, in whole or in part. 













































Chapter 8 411 


P8.57 


P8.58 


(a) To calculate the change in kinetic energy, we integrate the 
expression for a as a function of time to obtain the car's velocity: 

v=]adt=] (l.l6t- 0.210f +0.240t 3 )dt 

0 0 

t 2 t 3 

=1.16-0.210- +0.240- =0.580^ - 0.070f +0.0601 4 

2 3 41„ 

At t = 0, v-= 0. At t = 2.5 s, 

v f =(o.580 m/s 3 )(2.50 s) 2 -(0.070 m/s 4 )(2.50 s) 3 
+(0.060 m/s 5 )(2.50 s) 4 =4.88 m/s 
The change in kinetic energy during this interval is then 
K, +1/1/ =K f 

0 +1/1/ =^mv 2 f =|(l 160 kg)(4.88 m/s) 2 = | 1.38xlO 4 f] 

(b) The road does work on the car when the engine turns the wheels 
and the car moves. The engine and the road together transform 
chemical potential energy in the gasoline into kinetic energy of 
the car. 


W _ 1.38 x 10 4 J 
~ At ~ 2.50 s 

P =|5.52 x 10 3 ~w] 


(c) 


The value in (b) represents only energy that leaves the engine 
and is transformed to kinetic energy of the car. Additional 
energy leaves the engine by sound and heat. More energy leaves 
the engine to do work against friction forces and air resistance. 


At the bottom of the circle, the initial speed of the coaster is 22.0 m/s. 
As the coaster travels up the circle, it will slow down. At the top of the 
track, the centripetal acceleration must be at least that of gravity, g, to 
remain on the track. Apply conservation of energy to the roller coaster- 
Earth system to find the speed of the coaster at the top of the circle so 
that we may find the centripetal acceleration of the coaster. 

A K +A U =0 

[\ mv i P ~ \ mv lo tl o m ] +(mgy top - mgy hott om ) =o 
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[l mv i r -) +(mg2fl -0) =0-> - 4gfl 

v 2 op =(22.0 m/s) 2 -4g(12.0 m) =13.6 m 2 /s 2 
For this speed, the centripetal acceleration is 

- =1.13 m/s 2 


a -- 


12.0 m 


The centripetal acceleration of each passenger as the coaster passes 
over the top of the circle is 1.13 m/s 2 . Since this is less than the 
acceleration due to gravity, the unrestrained passengers will fall out 
of the cars! 


(a) The energy stored in the spring is the elastic potential energy, 

U = - kx 2 , where k = 850 N/m. At x = 6.00 cm, 

2 

U = | kx 2 = i (850 N/m)(0.0600 m) 2 = |l.53j| 

At the equilibrium position, x = 0, U = |0 j| . 

(b) Applying energy conservation to the block-spring system: 


AK +A U =0 

-1™?) +(u , -U ,) =0^ - o] => , -U ,) 

imv? =U,-U r 


because the block is released from rest. For x f = 0, U = 0, and 


mv 2 =U, -U f 


v f =, 


( 2(1.53 J) 
1.00 kg 


|y f =1.75 m/s] 


(c) From (b) above, for x f = xj2 = 3.00 cm, 

U = - kx 2 = - (850 N/m)(0.0300 m) 2 = 0.383 J 
2 2 
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and 


1 

2 

v f = 


mv 2 f =Ui-U f ->v f =4 


2(1.53 J-0.383 J) _ 1 2(1.15 J) 


zK-u,) 


1.00 kg 


1.00 kg 


=1.51 m/s 


(a) The suggested equation PAt =b/vd implies all of the following 
cases: 


(1) PAt=f^|](2d) 

(2) 

(3) P[y)=tw[|] and 

(4> (iMl)* 

These are all of the proportionalities Aristotle lists. 



ANS FIG. P8.60 


(b) 


For one example, consider a horizontal force F pushing an object 
of weight 1/1/ at constant velocity across a horizontal floor with 
which the object has coefficient of friction p k . 


X F =ma implies that 

+n - w = 0 and F - fi k n = 0 
so that F = n k w. 


As the object moves a distance d, the agent exerting the force does 
work 


1/1/ =Fdcos 6 =Fdc os0° =p k wd 
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and puts out power P =— 

This yields the equation PAt =/J k wd which represents Aristotle's 
theory with b=IJ k . 

Our theory is more general than Aristotle's. Ours can also 
describe accelerated motion. 

P8.61 k = 2.50 x 10 4 N/m, m = 25.0 kg 

x A = -0.100 m, U a \ =U\ =0 

A ’ 9\ X =0 s| *=0 

(a) At point A, the total energy of the child-pogo-stick-Earth system 
is given by 

E mech =K a +V gA ^ s -4 E mech =0 +mgx A +hx 2 A 
E mech =(25-0 kg)(9.80 m/s 2 )(-0.100 m) 

+^(2.50 xlO 4 N/m)(-0.100 m) 2 
Emech =-24.5 J +125 J = | 100 J | 

(b) Since only conservative forces are involved, the total energy of 
the child-pogo-stick-Earth system at point C is the same as that at 
point A. 

K c +U^ +U £ =^447^ +U^ 

0 +(25.0 kg)( 9 .80 m/s 2 )x c +0 =0 - 24.5 J +125 J 
x c = | 0.410 m | 

(C) K B +U gS +U# =K A +U gfi -HJ^ 

^(25.0 kg)\4 +0 +0 =0 +(-24.5 J) +125 J 
v B = | 2.84 m/s~| 

(d) The energy of the system for configurations in which the spring is 
compressed is 

E =K +^kx 2 - mgx 

where x is the compression distance of the spring. 
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To find the position x for which the kinetic energy is a maximum, 
solve this expression for K, differentiate with respect to x, and set 
the result equal to zero: 


K =E - ^ kx 2 + mgx 
=0 - kx +mg =0 


x 


mg 

~Y 


Substitute numerical values: 


(25.0 kg)(9.80 m/s 2 ) 
2.50 x 10 4 N/m 


= 0.009 8 m =0.98 cm 


Because this is the value for the compression distance of the 
spring, this position is 0.98 cm below x = 0. 

K =/C max at x = | -9.80 mm | 

(e) K_ =K A J 


or 


\ (25.0 kg) 

=(25.0 kg)(9.80 m/s 2 )[(-0.100 m)-(-0.009 8 m)] 
+ ^(2.50 xlO 4 N/m)[(-0.100 m) 2 -(-0.009 8 m) 2 ] 
yielding V max =| 2.85 m/s 

(a) Between the second and the third picture, AE mech =AK +AU: 


~iumgd =--mvf +-kd 2 

2 ' 2 


^(50.0 N/m)cf + 0.250(1.00 kg)(9.80 m/s 2 )d 

-i(l.00kg)(3.00 m/s) 2 = 0 

. f-2.45 ± 21.351 N r——-1 

d= 1 - - — = 0.378 m 

50.0 N/m 1 - 1 

(b) Between picture two and picture four, A E mech —AK +AU: 


-pmg(2d) =^mv 2 f -^mvf 
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which gives 

V, =Jl3M m/s) 2 "{To^]* 2 ' 45 N)(2)(0 ' 378 m) 
= |~230 m/s | 

(c) For the motion from picture two to picture five in the figure 
below, A E mech =AK +AU: 


~/jmg(D +2 d) =^mv 2 f -^mvf 

D _ (l.OO kg)(3.00 m/s) 2 

2(0.250)(l.00 kg)(9.80 m/s 2 ) 


2(0.378 m)= | 1.Q8 m 





A NS. FIG P8.62 

P8.63 The easiest way to solve this problem about a chain-reaction process is 
by considering the energy changes experienced by the block between 
the point of release (initial) and the point of full compression of the 
spring (final). Recall that the change in potential energy (gravitational 
and elastic) plus the change in kinetic energy must equal the work 
done on the block by non-conservative forces. We choose the 
gravitational potential energy to be zero along the flat portion of the 
track. 


f ‘ 

> .00 ^6.00 m—f -WTOtf.-| 

Hililtiiili nS«J 

ANS. FIG. P8.63 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly i 


sible website, in whole or in part. 


















Chapter 8 417 


P8.64 


There is zero spring potential energy in situation @ and zero 
gravitational potential energy in situation (D). Putting the energy 
equation into symbols: 

K D -K A -U gA+ U sD = -tf BC 
Expanding into specific variables: 

0 - 0 - mgy A +^ kx 2 =- f k d BC 
The friction force is f k —p k mg, so 
mgy A --^kx 2 =p k mgd 


Solving for the unknown variable n k gives 


/4 = 


y_A 10(2 
d 2 mgd 


3.00 m 
6.00 m 


(2 250h^mX0.3CPtn) 2 

’ 2(10.0 kg)(9.80 m/s 2 )(6.00 m) ' 


We choose the zero configuration of potential 
energy for the 30.0-kg block to be at the 
unstretched position of the spring, and for 
the 20.0-kg block to be at its lowest point on 
the incline, just before the system is released 
from rest. From conservation of energy, we 
have 

[K+U) i ={K+U) f 







30 I 


T - 
20 cm 

|kg| 


1 1 



ANS. FIG. P8.64 


0 +(30.0 kg)( 9 .80 m/s 2 )(0.200 m) +^-(250 N/m)(0.200 m) 2 

=|(20.0 kg +30.0 kg)*/ 2 

+(20.0 kg)(9.80 m/s 2 )(0.200 m)sin40.0° 
58.8 J +5.00 J =(25.0 kg) v 2 +25.2 J 
| V =1.24 m/s~| 
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(a) For the isolated spring-block system, 

A K +AU =0 

^mv 2 - oj +(^0 - ^kx 2 ^j =0 

[m 1 0.500 kg . t 

V k V 450 N/m V 1 

x = |0.40(Tmj 

(b) AK + AU +AE int =0 

[ -mv 2 --mv 2 ] +( 2 mgR - 0 ) + f k [nR) = 0 


2 nf k R 


v f =Jvf-4gR - 

V 111 

= 1(12.0 m/s) 2 - 4(9.80 m/s 2 )(l.00 m) - 27r ( 7 ' 00 

' /V ' 0.500 kg 

\/ f = |4.10 m/s] 

(c) Does the block fall off at or before the top of the track? The block 
falls if a c < g. 

vt (4.10 m/s) 2 /2 

4 =~ =- - W16.8 m/s 2 

c R 1.00 m 



ANS. FIG. P8.66 


Therefore a c > g and the | block stays on the track 

m = mass of pumpkin 
R = radius of silo top 

v 2 

XF r =ma r =^>n-mg cos G = ~m— 

When the pumpkin first loses contact 
with the surface, n = 0. 

Thus, at the point where it leaves the surface: v 2 = Rgcos 0. 

Choose U g = 0 in the 6 = 90.0° plane. Then applying conservation of 
energy for the pumpkin-Earth system between the starting point and 
the point where the pumpkin leaves the surface gives 

K f MJ gf =K i +U gj 
-mv 2 +mgR cos 6 =0 +mgR 
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Using the result from the force analysis, this becomes 

-mR geos6 +mgR cos6 =mgR , which reduces to 


cost? =-, and gives 0 =cos 1 (2/3) = | 48.2° 


as the angle at which the pumpkin will lose contact with the surface. 
Convert the speed to metric units: 

1 000 mV 1 h 


v =(100 km/h)^ 


km 


3 600 s 


= 27.8 m/s 


Write Equation 8.2 for this situation, treating the car and surrounding 
air as an isolated system with a nonconservative force acting: 

A/C +AU grav +AU fuel +AE int =0 


The power of the engine is a measure of how fast it can convert 
chemical potential energy in the fuel to other forms. The magnitude of 
the change in energy to other forms is equal to the negative of the 
change in potential energy in the fuel: A£ other forms =-Al/ w . Therefore, 
if the car moves a distance d along the hill, 

P= ^ ML= (-a*c-ao s ,„-a e m ) 

At At 

0 +[mgd sin3.2° - o) + ^DpAv 2 d 
At 

= mgv sin3.2° + -DpAv 3 

where we have recognized d/ At as the speed v of the car. Substituting 
numerical values, 

P =(l 500 kg)(9.80 m/s 2 )(27.8 m/s)sin3.2° 

+ |(0.330)(l.20 kg/ m 3 )(2.50 m 2 )(27.8 m/s) 3 
[P~=33.4 kW =44.8 hp | 

The actual power will be larger than this because additional energy 
coming from the engine is used to do work against internal friction in 
the moving parts of the car and rolling friction with the road. In 
addition, some energy from the engine is radiated away by sound. 
Finally, some of the energy from the fuel raises the internal energy of 
the engine, and energy leaves the warm engine by heat into the cooler 
air. 
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P8.69 


(a) Energy is conserved in the swing of the pendulum, and the 
stationary peg does no work. So the ball's speed does not change 
when the string hits or leaves the peg, and the ball swings equally 
high on both sides. 

(b) The ball will swing in a circle of radius R = (L-d) about the peg. 

If the ball is to travel in the circle, the minimum centripetal 
acceleration at the top of the circle must be that of gravity: 

— =g^v 2 =g(L-d) 

When the ball is released from rest, U- = mgL, and when it is at the 
top of the circle, U, = mg2(L - d), where height is measured from 
the bottom of the swing. By energy conservation, 

mgL =mg2[L - d)+^mv 2 


From this and the condition on v 2 we find 



If the spring is just barely able to lift the lower block from the table, the 
spring lifts it through no noticeable distance, but exerts on the block a 
force equal to its weight Mg. The extension of the spring, from | F s | —kx, 
must be Mg/k. Between an initial point at release and a final point 
when the moving block first comes to rest, we have 

/c,. +U g +U 3 =K f +U gf +U, 






4m 2 gt 2 8m 2 g 2 _mMg 2 M 2 g 2 
F~ ~~k l^ + 2k 
M 2 

4m 2 =mM H- 

2 

M 2 

-1 -mM -4m =0 

2 


M 


-m±^m 2 -4(i)(-4m 2 ) 

-2lll 


-m ±yl9m 2 


Only a positive mass is physical, so we take M =m( 3 - 1) =| 2m |. 
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The force needed to hang on is equal to the 
force F the trapeze bar exerts on the 
performer. From the free-body diagram for 
the performer's body, as shown, 

V 2 

F -mgcosQ =m— 
v 2 

or F=mgcosO+m— 

At the bottom of the swing, Q = 0°, so 
M 2 

F =mg +m— 



ANS. FIG. P8.70 


The performer cannot sustain a tension of more than 1.80ray. What is 
the force F at the bottom of the swing? To find out, apply conservation 
of mechanical energy of the performer-Earth system as the performer 
moves between the starting point and the bottom: 

mg l(l-cos 60.0°) =^mv 2 ^-«2mg(l-cos 60.0°) =mg 

v 2 

Hence, F =mg +m — =m 9 +m 9 =2 mg at the bottom. 

The tension at the bottom is greater than the performer can 
withstand; therefore the situation is impossible. 


*P8.71 We first determine the energy output of the runner: 

=(0.600 J/kg ■ step)(60.0 kg)f =24.0 J/m 

v l.oU my 

From this we calculate the force exerted by the runner per step: 
F =(24.0 J/m)(l N-m/j) =24.0 N 


Then, from the definition of power, P = Fv, we obtain 


P _70.0 W 
F _ 24.0 n! 


=| 2.92 m/s 
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(a) 


(b) 


At the top of the loop the car and 
riders are in free fall: 

XF y =ma y : 

, mv 2 , 

mg down =-down 

R 

v=y[Rg 

Energy of the car-riders-Earth 
system is conserved between 
release and top of loop: 

K, +U 9 =Kf -W,: 

0 +mgh =^mv 2 +mg[2R) 
gh=^Rg+g[2R) 



Let h now represent the height 
> 2.5 R of the release point. At 
the bottom of the loop we have 

mgh =^mv 2 



forces 

I mg 



or =2 gh 
then, from ^F y =ma y : 


mvt I \ 
n b ~mg =-^(up) 


n b =mg + 


m(2gh) 

R 


At the top of the loop, 

mgh =^mv 2 +mg(2R ) 


\? t =2gh-4gR 
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from £F y =ma y : 


-n t - mg =- 


mvf 

~R~ 


-mg +^(2gh-4gR) 
m[2gh) 


5mg 


Then the normal force at the bottom is larger by 

m(2gh) m(2gh) 


n b - n t =mg 4— 


- +5mg = 


Note that this is the same result we will obtain for the difference in 
the tension in the string at the top and bottom of a vertical circle in 
Problem 73. 


Applying Newton's second law at the bottom ( b ) 
and top (f) of the circle gives 

_ mv 2 b , _ mvf 

T b - mg =—j^~ and -T t - mg =— 

Adding these gives 


T b =T t +2 mg +- 


Also, energy must be conserved and A U +AK =0. 

mfvh-'A 2 ) / \ m (\/? — v? 

So, —-— +(0-2mgR ) =0 and —^ 



A NS. FIG. P8.73 


=4 mg 


Substituting into the above equation gives | T b =T t +6 mg | . 


(a) | No. | The system of the airplane and the surrounding air is 

nonisolated. There are two forces acting on the plane that move 
through displacements, the thrust due to the engine (acting across 
the boundary of the system) and a resistive force due to the air 
(acting within the system). Since the air resistance force is 
nonconservative, some of the energy in the system is transformed 
to internal energy in the air and the surface of the airplane. 
Therefore, the change in kinetic energy of the plane is less than 
the positive work done by the engine thrust. So, 

[mechanical energy is not conserved in this case. | 
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(b) Since the plane is in level flight, U gf =U gj and the conservation of 
energy for nonisolated systems reduces to 
S^ 0t herforces=^=A/C+A U +A E tt 
or 

W=W ihmst =K f -K i -1s 
F(cosO°)s =^mv 2 f - i mv 2 - f(cosl80°)s 
This gives 



P8.75 (a) As at the end of the process analyzed in Example 8.8, we begin 

with a 0.800-kg block at rest on the end of a spring with stiffness 
constant 50.0 N/m, compressed 0.092 4 m. The energy in the 
spring is (l/2)(50 N/m)(0.092 4 m) 2 = 0.214 J. To push the block 
back to the unstressed spring position would require work 
against friction of magnitude 3.92 N (0.092 4 m) = 0.362 J. 

Because 0.214 J is less than 0.362 J, the spring cannot push the 
object back to x =0. 

(b) The block approaches the spring with energy 

hmv 2 =|(0.800 kg)(l.20 m/s) 2 =0.576 J 

It travels against friction by equal distances in compressing the 
spring and in being pushed back out, so half of the initial kinetic 
energy is transformed to internal energy in its motion to the right 
and the rest in its motion to the left. The spring must possess one- 
half of this energy at its maximum compression: 

°‘ 5 ^ 6 J =|(50.0 N/m)x 2 

so x = 0.107 m 
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For the compression process we have the conservation of energy 
equation 

0.576 J +p k 7.84 N (0.107 m)cos 180° =0.288 J 


so A 4 =0.288 J/0.841 J = |0.3421 
As a check, the decompression process is described by 
0.288 J +p k 7.84 N (0.107 m) cos 180° =0 


which gives the same answer for the coefficient of friction. 

*P8.76 As it moves at constant speed, the bicycle is in equilibrium. The 

forward friction force is equal in magnitude to the air resistance, which 
we write as at/ 2 , where a is a proportionality constant. The exercising 
woman exerts the friction force on the ground; by Newton's third law, 
it is this same magnitude again. The woman's power output is 
P = Fv = av 3 = ch, where c is another constant and h is her heart rate. We 
are given a( 22 km/h) 3 = c(90 beats/min). For her minimum heart rate 

we have ai// m =c(l36 beats/min). By division 

VU =(^f 3 ( 22 Wh) = | 25.2 km/h | 

Similarly, t/ max = [“^) ( 22 km/h) = | 27.0 km/h | . 


22 km/h ) 


136 
’ 90 ‘ 


P8.77 


(a) Conservation of energy for the sled- 
rider-Earth system, between A and 
C: 

K, +U g =K f +U gf 

^m(2.50 m/s) 2 

+m(9.80 m/s 2 )(9.76 m) 

=-mv 2 r +0 
2 c 



ANS. FIG. P8.77 


V c =yj( 2.50 m/s) 2 +2(9.80 m/s 2 )(9.76 m) = | 14.1 m/s | 

(b) Incorporating the loss of mechanical energy during the portion of 
the motion in the water, we have, for the entire motion between A 
and D (the rider's stopping point), 

K i +U^-f k d=K f +U gf : 
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^(80.0 kg)(2.50 m/s) 2 

+(80.0 kg)(9.80 m/s 2 )(9.76 m)- f k d= 0 +0 
- f k d =7.90 x 10 3 J 
The water exerts a friction force 

_7.90xl0 3 J _7.90x 10 3 N-m 


=158 N 


50.0 m 


and also a normal force of 


n =mg =(80.0 kg)(9.80 m/s 2 ) =784 N 
The magnitude of the water force is 
7(158 N) 2 +(784 N) 2 = | 800 N~| 

(c) The anclp nf thp sliHp is 



For forces perpendicular to the track 
at B, 


A NS. FIG. P8.77(c) 


X F y =ma y : n B - mg cos 0 =0 


n B =(80.0 kg)(9.80 m/s 2 )cosl0.4° = | 771 N | 


(d) EF y =ma y : 




n c =(80.0 kg)(9.80 m/s 2 ) 
+ (80.0 kg)(l4.1 m/s) 2 


ANS. FIG. P8.77(d) 


20.0 m 

n c = | 1.57 xlO 3 Nup | 

The rider pays for the thrills of a giddy height at A, and a high 
speed and tremendous splash at C. As a bonus, he gets the quick 
change in direction and magnitude among the forces we found in 
parts (d), (b), and (c). 
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P8.78 (a) Maximum speed occurs after the needle leaves the spring, before 

it enters the body. We assume the needle is fired horizontally. 



A NS. FIG. P8.78(a) 


K, +Ui - f k d=K f +U f 

0+-kx 2 -0=-mv 2 +0 
2 2 

|(375 N/m)(0.081 m) 2 =|(0.005 6 kgK ax 



(b) The same energy of 1.23 J as in part (a) now becomes partly 
internal energy in the soft tissue, partly internal energy in the 
organ, and partly kinetic energy of the needle just before it runs 
into the stop. We write a conservation of energy equation to 
describe this process: 



A NS. FIG. P 8.78(b) 


f k A - f k2 d 2 =K f +U f 
0 +^kx 2 - f n d x - f k2 d 2 =^mv 2 +0 

1.23 J-7.60 N(0.024 m)-9.20 N(0.035 m) =|(0.0056 kg)i/ 2 


f 2(1.23 J - 0.182 J - 0.322 J) y =(/ =[ 
t 0.005 6 kg 


16.1 m/s 
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Challenge 

P8.79 (a) 


Problems 


Let m be the mass of the whole board. The portion on the rough 
surface has mass mx/L. The normal force supporting it is 


and the friction force is ^ mgX =ma. Then 
L 


a = ^ k ^ X opposite to the motion 

(b) In an incremental bit of forward motion dx, the kinetic energy 
converted into internal energy is f k dx qfr. The whole 

energy converted is 

l mv > jMM dx -U mg y2 f ~ ^ mgL 

2 i L L 2 1 0 2 

1 v [ 


P8.80 (a) U g =mgy =(64.0 kg)(9.80 m/s 2 )y = | (627 N )y \ 

(b) At the original height and at all heights above 65.0 m - 25.8 m = 
39.2 m, the cord is unstretched and | U s =0 | . Below 39.2 m, the 
cord extension x is given by x = 39.2 m - y, so the elastic energy is 

U s =-kx 2 = 
s 2 

(c) For y > 39.2 m, U g +U s = | (627 N)y 


^(81.0 N/m)(39.2m-y) 2 


For y < 39.2 m, 

U g +U S =(627 N)y +40.5 N/m(l 537 m 2 -(78.4 m)y +/) 
=1 (40.5 N/mjy 2 - (2 550 N)y +62 200 J I 
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(d) See the graph in ANS. FIG. P8.80(d) below. 



(e) At minimum height, the jumper has zero kinetic energy and the 
system has the same total energy as it had when the jumper was 
at his starting point. K, +17, =K f +U f becomes 

(627 N)(65.0 m) =(40.5 N/m)/ - (2 550 N )y f +62 200 J 


(f) 


(g) 


Suppressing units, 

0 =40.534 - 2 550y f +21500 

Yf = 1 10-0 m | [the solution 52.9 m is unphysical] 

The total potential energy has a minimum, representing a 
| stable equilibrium~| position. To find it, we require =0. 


Suppressing units, we get 


d_ 

dy 


(40.5/ - 2 550y +62 200) =0 =81y- 2 550 


y= |~31.5m | 

Maximum kinetic energy occurs at minimum potential energy. 
Between the takeoff point and this location, we have 

K i +U i =K f +U f 
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P8.81 


Suppressing units. 


0 +40 800 

=^-(64.0)\/L +40.5(31.5) 2 -2 550(31.5)+62200 

f 2(40 800 - 22 200) V /2 1 -—, 

'/max = —- - = 24.1 m/s 

l 64.0 kg J I- '—1 

The geometry reveals D =L sin 6 +Lsinp, 

50.0 m =40.0 m(sin50° +sin <p), (j) =28.9° 

(a) From takeoff to landing for the Jane-Earth system: 

A K +A U + AF int =0 

^0 - ^ mv fj +[mg(-Lcos</>) - mg[-Lc os0)] +FD =0 


^mvf +mg(-L cos 6) +FD (-l) =0 +mg(-L cos(/>) 

^-(50.0 kg) vf +(50.0 kg)(9.80 m/s 2 )(-40.0 m)cos50° 
- (llO N)(50.0 m) 

=(50.0 kg)(9.80 m/s 2 )(-40.0 m)cos28.9° 
-(50.0 kg) vf -1.26 x 10 4 J - 5.5 x 10 3 J =-1.72 x 10 4 J 


' 2(947 J) 

I 50.0 kg 
(b) For the swing back: 

AK +A U =A E, 


= 6.15 m/s 


j^0-^m\/ 2 j +\mg(-L cosO) - mg(-L cos^)] =FD 


^mvf +mg[-L cos</>) +FD (+l) =0 +mg[-L cos d) 

|(l30 kg)y 2 +(l30 kg)(9.80 m/s 2 )(-40.0 m)cos28.9° 
+(110 N)(50.0 m) 

=(l30 kg)(9.80 m/s 2 )(-40.0 m)cos50° 
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|(l30 kg) vf - 4.46x 10 4 J +5 500 J =-3.28 x 10 4 J 



P8.82 (a) Take the original point where the ball is released and the final 

point where its upward swing stops at height H and horizontal 
displacement 

x=yjL 2 ~[L-H) 2 =\l2LH - H 2 
Since the wind force is purely horizontal, it does work 


W wM =Jf - ds =Fjdx =F'j2LH - H 2 



ANS FIG. P8.82 


The work-energy theorem can be written: 
Ki-OJ^+W^^r+Ugf,or 

0 +0 +F\l2LH - H 2 =0 +mgH 


giving 

F 2 2LH - F 2 H 2 =m 2 g 2 H 2 

Here the solution H = 0 represents the lower turning point of the 
ball's oscillation, and the upper limit is at F 2 (2L) = (F 2 + ab¬ 
solving for H yields 

2 LF 2 _ 2L 

F 2 +m 2 g 2 l +(mg/Ff 
2(0.800 m) 

l+(0.300 kg) 2 (9.8 m/s 2 ) 2 / F 2 

(b) H =1.6 m[l +8.64/1^ = [0.166m| 

(c) H =1.6 m[l +8.64/100 J" 1 = 1.47 m| 

(d) As F 0, | H 0 as is reasonable. | 


1.60 m 

1 +8.64 N 2 /F 2 
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P8.83 


(e) As F^oo, | H —> 1.60 m| , which would be hard to approach 
experimentally. 

(f) Call 0 the equilibrium angle with the vertical and T the tension 
in the string. 

X F x =0 =>T sin# =F, and 
]£F y =0 => T cos 9 =mg 

Dividing: tan# =— 

mg 

Then 


<J(mg) 2 +F 2 yjl +(F/mg) 2 Jl +F 2 / 8.64 N 2 
Therefore, H =/.(l-cos#) = 


(0.800 m) 


V1 +F 2 /8.64 N 2 


(g) For F = 10 N, =0.800 m[l - (l +100/8.64)“ 1/2 ] = |0.574 m| 

(h) As tan#->°°, #->90.0°, cos#->0, and F/^ 0.800 m| . 

A very strong wind pulls the string out horizontal, parallel to the 
ground. 

The coaster-Earth system is isolated as the coaster travels up the circle. 
Find how high the coaster travels from the bottom: 

K j +U , =K f +U f 


-mv 2 +0 =0 +mgh- 


\P_ _ (15.0 m/s) 2 = 

2 g ~ 2 g 


For this situation, the coaster stops at height 11.5 m, which is lower 
than the height of 24 m at the top of the circular section; in fact, it is 
close to halfway to the top. The passengers will be supported by the 
normal force from the backs of their seats. Because of the usual 
position of a seatback, there may be a slight downhill incline of the 
seatback that would tend to cause the passengers to slide out. Between 
the force the passengers can exert by hanging on to a part of the car 
and the friction between their backs and the back of their seat, the 
passengers sho uld be able to av oid sliding out of the cars. Therefore, 
this situation is [less dangerous than that in the original higher-speed 
situation, where the coaster is upside down. 
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P8.84 


(a) Let mass m 1 of the chain laying on the table and mass m 2 hanging 
off the edge. For the hanging part of the chain, apply the particle 
in equilibrium model in the vertical direction: 

mg - T = 0 [1] 

For the part of the chain on the table, apply the particle in 
equilibrium model in both directions: 

n ~ mg = 0 [2] 

T-f = 0 [3] 


Assume that the length of chain 
hanging over the edge is such that 
the chain is on the verge of slipping. 
Add equations [1] and [3], impose 
the assumption of impending 
motion, and substitute equation [2]: 

n - m } g =0 

f s =m 2 g p s n =m 2 g 
-> p s m,g =m 2 g 
m 2 =p s m 1 =0.600m 1 


t i 

j5Ag N5S ifT 

It 


\ 3Ag 

ANS. FIG. P8.84 


From the total length of the chain of 8.00 m, we see that 
m 1 +m 2 =8.00A 


where X is the mass of a one meter length of chain. Substituting 
for m 2 , 

m 1 +0.600 m 1 =8.00A -+ 1.60m 1 =8.00A -» m 1 =5.00A 

From this result, we find that |m 2 =3.00X] and we see that 3.00 m 
of chain hangs off the table in the case of impending motion. 

(b) Let x represent the variable distance the chain has slipped since 
the start. 


Then length (5 - x ) remains on the table, with now 

£F y = 0: +n-[5-x)Xg= 0 -> n=(5-x)Xg 

f k =p k n=0A(5-x)Xg=2Xg-0AxXg 

Consider energies of the chain-Earth system at the initial moment 
when the chain starts to slip, and a final moment when x = 5, 
when the last link goes over the brink. Measure heights above the 
final position of the leading end of the chain. At the moment the 
final link slips off, the center of the chain is at y f = 4 meters. 
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P8.85 


Originally, 5 meters of chain is at height 8 m and the middle of 

3 

the dangling segment is at height 8 - — =6.5 m. 


Ki+Uj+AE mech =K f +U f : 

f (1 

0 +[m 1 gy 1 +m 2 gy 2 ). - J f k dx =( -mv 2 +mgy 


(5Xg) 8 +(3Ag)6.5 - J (2 Xg-0AxXg)dx =-(8A) v 2 +(8Ag)4 

o 2 

5 5 

40.0g +19.5g- 2.00 gj dx +0A00g\xdx=4:.00v 1 +32.0 g 

0 0 

v 2 I 5 

27.5 gr-2.00 g>( 0 +0.400 g— =4.00^ 

Z lo 

27.5g-2.00g(5.00) +0.400g(l2.5) =4.00^ 

22.5 g =4.00 1 / 2 

|(22.5 m)(9.80 m/s 2 ) .-, 

V 4.00 1 - 1 

(a) For a 5.00-m cord the spring constant is described by F = kx, 

mg = k (1.50 m). For a longer cord of length L the stretch distance 
is longer so the spring constant is smaller in inverse proportion: 

From the isolated system model, 

(KMJ g MJ s \=(KMJ g MJ s ) f 

0 +mgy, +0 =0 +mgy f +^kx) 
mg(yi-y f )=^l<x 2 f =|(3.33)^jx 2 f 
here y, - y f =55 m =L +x f . Substituting, 


(55.0 m )L =-(3.33)(55.0 m -Lf 

(55.0 m )L =5.04 xlO 3 m 2 - (183 m)L +1.67L 2 
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Suppressing units, we have 

0 =1.67L 2 - 238 L +5.04 x 10 3 =0 
_238 ± > /238 2 - 4(1.67)(5.04 x10 3 ) _ 2 38 ±152 
2(1.67) 3.33 

Only the value of L less than 55 m is physical. 

(b) From part (a), k =3.33—J' 

x max =x f =55.0 m-25.8 m =29.2 m 
From Newton's second law, 

X F =ma: +kx max - mg =ma 

3.33———(29.2 m )-mg =ma 
25.8 m 

a =2.77 g = | 27.1 m/s 2 ] 


25.8 m | 
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lNSWERS to even-numbered problems 


P8.2 

P8.4 

P8.6 

P8.8 

P8.10 

P8.12 

P8.14 

P8.16 

P8.18 


P8.20 

P8.22 

P8.24 

P8.26 

P8.28 

P8.30 

P8.32 

P8.34 

P8.36 

P8.38 

P8.40 

P8.42 

P8.44 


P8.46 


(a) AK+AU =0, v=Jl gh; (b) v=Jl gh 


(a) 1.85 x 10 4 m, 5.10 x 10 4 m; (b) 1.00 x 10 7 J 
(a) 5.94 m/s, 7.67 m/s; (b) 147 J 


(a) 


l ljm, -m 2 )gh Im.h 
y m 1 +m 2 ' ' m 1 +m 2 


(a) 1.11 x 10 9 J; (b) 0.2 
2.04 m 


(a) -168 J; (b) 184 J; (c) 500 J; (d) 148 J; (e) 5.65 m/s 
(a) 650 J; (b) 588 J; (c) 0; (d) 0; (e) 62.0 J; (f) 1.76 m/s 

(a) 22.0 J ,E = K+U = 30.0 J + 10.0 J = 40.0 J; (b) Yes; (c) The total 
mechanical energy has decreased, so a nonconservative force must 
have acted. 

(a) v B = 1.65 m/s 2 ; (b) green bead, see P8.20 for full explanation 
3.74 m/s 

(a) 0.381 m; (b) 0.371 m; (c) 0.143 m 

(a) 24.5 m/s; (b) Yes. This is too fast for safety; (c) 206 m; (d) see 
P8.26(d) for full explanation 

(a) 1.24 x 10 3 W; (b) 0.209 

(a) 8.01 W; (b) see P8.30(b) for full explanation 

2.03 xlO 8 s, 5.64 x 10 4 h 

194 m 

The power of the sports car is four times that of the older-model car. 
(a) 5.91 x 10 3 W; (b) 1.11 x 10 4 W 

(a) 854; (b) 0.182 hp; (c) This method is impractical compared to 
limiting food intake. 

~10 2 W 

(a) 0.225 J; (b) -0.363 J; (c) no; (d) It is possible to find an effective 
coefficient of friction but not the actual value of pi since n and/vary 
with position. 

(a) 2.49 m/s; (b) 5.45 m/s; (c) 1.23 m; (d) no; (e) Some of the kinetic 
energy of m 2 is transferred away as sound and to internal energy in m 1 
and the floor. 
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P8.48 

P8.50 


P8.52 

P8.54 

P8.56 

P8.58 

P8.60 

P8.62 

P8.64 

P8.66 

P8.68 

P8.70 

P8.72 

P8.74 

P8.76 

P8.78 

P8.80 


P8.82 


P8.84 


We find that her arms would need to be 1.36 m long to perform this 
task. This is significantly longer than the human arm. 

(a) 0.403 m or -0.357 m (b) From a perch at a height of 2.80 m above the 
top of a pile of mattresses, a 46.0-kg child jumps upward at 2.40 m/s. 
The mattresses behave as a linear spring with force constant 19.4 
kN/m. Find the maximum amount by which they are compressed 
when the child lands on them; (c) 0.023 2 m; (d) This result is the 
distance by which the mattresses compress if the child just stands on 
them. It is the location of the equilibrium position of the oscillator. 

11 /1 l A l l 

(a) -mv 2 --mv 2 ;(\ b) -mgh- \ -mi/ 2 --mvf I; (c) -mv 2 --mv 2 f +mgh 

p _ pAv~ P8.54 for full explanation 
2 2 F 

(a) 16.5 m; (b) See ANS. FIG. P8.56 

Unrestrained passengers will fall out of the cars 

(a) See P8.60(a) for full explanation; (b) see P8.60(b) for full explanation 
(a) 0.378 m; (b) 2.30 m/s; (c) 1.08 m 
1.24 m/s 
48.2° 

3 L 
5 

The tension at the bottom is greater than the performer can withstand, 
(a) 5R/2; (b) 6 mg 

(a) No, mechanical energy is not conserved in this case; (b) 77.0 m/s 
25.2 km/h and 27.0 km/h 
(a) 21.0 m/s; (b) 16.1 m/s 

(a) (627 N)y; (b) U s = 0, ^(81 N/m) (39.2m - yf ■ (c) (627 N)y, 

(40.5 N/m) y 2 - (2 550 N)y + 62 200 J; (d) See ANS. FIG. P7.78(d); 

(e) 10.0 m; (f) stable equilibrium, 31.5 m; (g) 24.1 m/s 

(a) - ^ T ; (b) 0.166 m; (c) 1.47 m; (d) H -> 0 as is reasonable; 

' 1+8.64N 2 /F 2 ' V ' 

(e) H 1.60 m; (f) (0.800 m) 1 , 1 ; (g) 0.574 m; 

\ Jl + F 2 /8MN 2 ) * 

(h) 0.800 m 

(a) 3.00A; (b) 7.42 m/s 
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Linear Momentum and Collisions 


CHAPTER OUTLINE 


9.1 Linear Momentum 

9.2 Analysis Model: Isolated System (Momentum) 

9.3 Analysis Model: Nonisolated System (Momentum) 

9.4 Collisions in One Dimension 

9.5 Collisions in Two Dimensions 

9.6 The Center of Mass 

9.7 Systems of Many Particles 

9.8 Deformable Systems 

9.9 Rocket Propulsion 


* An asterisk indicates a question or problem new to this edition.) 


lNSWERS to objective questions 


OQ9.1 Think about how much the vector momentum of the Frisbee changes 
in a horizontal plane. This will be the same in magnitude as your 
momentum change. Since you start from rest, this quantity directly 
controls your final speed. Thus (b) is largest and (c) is smallest. In 
between them, (e) is larger than (a) and (a) is larger than (c). Also (a) is 
equal to (d), because the ice can exert a normal force to prevent you 
from recoiling straight down when you throw the Frisbee up. The 
assembled answer isb>e>a = d>c. 


OQ9.2 


© 2014 Cengage Learning. 


(a) No: mechanical energy turns into internal energy in the coupling 
process. 

(b) No: the Earth feeds momentum into the boxcar during the 
downhill rolling process. 

(c) Yes: total energy is constant as it turns from gravitational into 
kinetic. 


438 
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OQ9.3 


OQ9.4 


(d) Yes: If the boxcar starts moving north, the Earth, very slowly, 
starts moving south. 

(e) No: internal energy appears. 

(f) Yes: Only forces internal to the two-car system act. 

(i) Answer (c). During the short time the collision lasts, the total 
system momentum is constant. Whatever momentum one loses 
the other gains. 

(ii) Answer (a). The problem implies that the tractor's momentum is 
negligible compared to the car's momentum before the collision. 

It also implies that the car carries most of the kinetic energy of the 
system. The collision slows down the car and speeds up the 
tractor, so that they have the same final speed. The faster-moving 
car loses more energy than the slower tractor gains because a lot 
of the car's original kinetic energy is converted into internal 
energy. 

Answer (a). We have m 1 = 2 kg, v ri = 4 m/s; m 2 = 1 kg, and v v = 0. We 

find the velocity of the 1-kg mass using the equation derived in Section 

9.4 for an elastic collision: 


v 


if 


r 2/n, ^ f m - m,' 

- A — V . + — A - L \j 

K m 1 + m 2 J 11 l v m 1 + m 2 J 21 


^KS) (4m/s>+ (S) (o)=5 - 33m/s 


OQ9.5 Answer (c). We choose the original direction of motion of the cart as 
the positive direction. Then, y = 6 m/s and V f = -2 m/s. The change in 
the momentum of the cart is 


Ap = mv f -my = m(v f - y) = (5 kg)(-2 m/s-6 m/s) 

= -40 kg-m/s. 

OQ9.6 Answer (c). The impulse given to the ball is / = F avg At = mv f - my. 

Choosing the direction of the final velocity of the ball as the positive 
direction, this gives 

^ _ m(v f - y) _ (57.0 x 10 -3 kg)[25.0 m/s-(-21.0 m/s)] 

avs “ At “ 0.060 s 

= 43.7 kg-m/s 2 = 43.7 N 
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OQ9.7 Answer (a). The magnitude of momentum is proportional to speed and 
the kinetic energy is proportional to speed squared. The speed of the 
rocket becomes 4 times larger, so the kinetic energy becomes 16 times 
larger. 

OQ9.8 Answer (d). The magnitude of momentum is proportional to speed 

and the kinetic energy is proportional to speed squared. The speed of 
the rocket becomes 2 times larger, so the magnitude of the momentum 
becomes 2 times larger. 

OQ9.9 Answer (c). The kinetic energy of a particle may be written as 

KE _ mv2 _[mv) 2 _ p 2 

2 2m 2m 2m 

The ratio of the kinetic energies of two particles is then 

( KE l = pj/^h J PiTf 

pi/2m t 

We see that, if the magnitudes of the momenta are equal (p 2 = p,), the 
kinetic energies will be equal only if the masses are also equal. The 
correct response is then (c). 

OQ9.10 Answer (d). Expressing the kinetic energy as KE = p 2 /2m, we see that 
the ratio of the magnitudes of the momenta of two particles is 

p 2 _ y /2m 2 (KEj^ _jrm 2 )(KE) 2 ' 

P, ,kmJKE) l f m, j(KE} l 

Thus, we see that if the particles have equal kinetic energies [(KE) 2 = 
(KE)J, the magnitudes of their momenta are equal only if the masses 
are also equal. However, momentum is a vector quantity and we can 
say the two particles have equal momenta only it both the magnitudes 
and directions are equal, making choice (d) the correct answer. 

OQ9.11 Answer (b). Before collision, the bullet, mass m 1 = 10.0 g, has speed 

v v = v b , and the block, mass m 2 = 200 g, has speed v 2! = 0. After collision, 
the objects have a common speed (velocity) v lf = v 2f = v. The collision of 
the bullet with the block is completely inelastic: 

+ m 2 v 2 = m 2 v lf + m 2 v 2f 

miV b = (mi + m 2 )v , so v b = v 
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The kinetic friction, f k = Hfi, slows down the block with acceleration of 
magnitude p k g. The block slides to a stop through a distance d = 8.00 m. 
Using =vj +2a(x f - x), we find the speed of the block just after the 
collision: 

v =-^2(0.400)(9.80 m/s 2 )(8.00 m) =7.92 m/s. 

Using the results above, the speed of the bullet before collision is 

v b =(7.92 m/s) 1 ° 1 q o° Q J =166 m/s ‘ 

OQ9.12 Answer (c). The masses move through the same distance under the 
same force. Equal net work inputs imply equal kinetic energies. 

OQ9.13 Answer (a). The same force gives the larger mass a smaller 

acceleration, so the larger mass takes a longer time interval to move 
through the same distance; therefore, the impulse given to the larger 
mass is larger, which means the larger mass will have a greater final 
momentum. 

OQ9.14 Answer (d). Momentum of the ball-Earth system is conserved. Mutual 
gravitation brings the ball and the Earth together into one system. As 
the ball moves downward, the Earth moves upward, although with an 
acceleration on the order of 10 25 times smaller than that of the ball. The 
two objects meet, rebound, and separate. 

OQ9.15 Answer (d). Momentum is the same before and after the collision. 
Before the collision the momentum is 

m 1 v 1 +m 2 v 2 =(3 kg)(-t2 m/s)+(2 kg)(-4 m/s) =-2 kg-m/s 

OQ9.16 Answer (a). The ball gives more rightward momentum to the block 
when the ball reverses its momentum. 

OQ9.17 Answer (c). Assuming that the collision was head-on so that, after 
impact, the wreckage moves in the original direction of the car's 
motion, conservation of momentum during the impact gives 

(m c +m t )v f =m c v 0c +m t v ot =m c v +m t (0) 


or 
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OQ9.18 Answer (c). Billiard balls all have the same mass and collisions 

between them may be considered to be elastic. The dual requirements 
of conservation of kinetic energy and conservation of momentum in a 
one-dimensional, elastic collision are summarized by the two relations: 

mjVj, +m 2 v 2j =m 1 v lf +m 2 v 2f [ 1 ] 

and 



In this case, m 1 = m 2 and the masses cancel out of the first equation. 

Call the blue ball #1 and the red ball #2 so that v v = -3V, v 2i = +v, 
v lf = v blue , and v 2f = i/ red . Then, the two equations become 

-3v+v = v blue + \/ ed or v blue +v red =v [1] 

and 

-3v-v=-(v bte -vJ or (v bte -vj=4v [2] 

Adding the final versions of these equations yields 2\/ blue = 2v, or V blue = 
V. Substituting this result into either [1] or [2] above then yields l/ red = 
-3v. 


lNSWERS to conceptual questions 


CQ9.1 The passenger must undergo a certain momentum change in the 
collision. This means that a certain impulse must be exerted on the 
passenger by the steering wheel, the window, an air bag, or something. 
By increasing the distance over which the momentum change occurs, 
the time interval during which this change occurs is also increased, 
resulting in the force on the passenger being decreased. 

CQ9.2 If the golfer does not "follow through," the club is slowed down by the 
golfer before it hits the ball, so the club has less momentum available 
to transfer to the ball during the collision. 

CQ9.3 Its speed decreases as its mass increases. There are no external 

horizontal forces acting on the box, so its momentum cannot change as 
it moves along the horizontal surface. As the box slowly fills with 
water, its mass increases with time. Because the product mv must be 
constant, and because m is increasing, the speed of the box must 
decrease. Note that the vertically falling rain has no horizontal 
momentum of its own, so the box must "share" its momentum with 
the rain it catches. 
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CQ9.4 (a) It does not carry force, force requires another object on which to 

act. 

(b) It cannot deliver more kinetic energy than it possesses. This 
would violate the law of energy conservation. 

(c) It can deliver more momentum in a collision than it possesses in 
its flight, by bouncing from the object it strikes. 

CQ9.5 Momentum conservation is not violated if we choose as our system the 
planet along with you. When you receive an impulse forward, the 
Earth receives the same size impulse backwards. The resulting 
acceleration of the Earth due to this impulse is much smaller than your 
acceleration forward, but the planet's backward momentum is equal in 
magnitude to your forward momentum. If we choose you as the 
system, momentum conservation is not violated because you are not 
an isolated system. 

CQ9.6 The rifle has a much lower speed than the bullet and much less kinetic 
energy. Also, the butt distributes the recoil force over an area much 
larger than that of the bullet. 

CQ9.7 The time interval over which the egg is stopped by the sheet (more for 
a faster missile) is much longer than the time interval over which the 
egg is stopped by a wall. For the same change in momentum, the 
longer the time interval, the smaller the force required to stop the egg. 
The sheet increases the time interval so that the stopping force is never 
too large. 

CQ9.8 (a) Assuming that both hands are never in contact with a ball, and 

one hand is in contact with any one ball 20% of the time, the total 
contact time with the system of three balls is 3(20%) = 60% of the 
time. The center of mass of the balls is in free fall, moving up and 
then down with the acceleration due to gravity, during the 40% of 
the time when the juggler's hands are empty. During the 60% of 
the time when the juggler is engaged in catching and tossing, the 
center of mass must accelerate up with a somewhat smaller 
average acceleration. The center of mass moves around in a little 
closed loop with a parabolic top and likely a circular bottom, 
making three revolutions for every one revolution that one ball 
makes. 

(b) On average, in one cycle of the system, the center of mass of the 
balls does not change position, so its average acceleration is zero 
(i.e., the average net force on the system is zero). Letting T 
represent the time for one cycle and F g the weight of one ball, we 
have Fj(0.60T) = 3F g T, and F ] = 5F g . The average force exerted by 
the juggler is five times the weight of one ball. 
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CQ9.9 


CQ9.10 


CQ9.11 

CQ9.12 

CQ9.13 


(a) In empty space, the center of mass of a rocket-plus-fuel system 
does not accelerate during a bum, because no outside force acts 
on this system. The rocket body itself does accelerate as it blows 
exhaust containing momentum out the back. 

(b) According to the text's 'basic expression for rocket propulsion,' 
the change in speed of the rocket body will be larger than the 
speed of the exhaust relative to the rocket, if the final mass is less 
than 37% of the original mass. 

To generalize broadly, around 1740 the English favored position (a), 
the Germans position (b), and the French position (c). But in France 
Emilie de Chatelet translated Newton's Principle and argued for a 
more inclusive view. A Frenchman, Jean D'Alembert, is most 
responsible for showing that each theory is consistent with the others. 
All the theories are equally correct. Each is useful for giving a 
mathematically simple and conceptually clear solution for some 
problems. There is another comprehensive mechanical theory, the 
angular impulse-angular momentum theorem, which we will glimpse 
in Chapter 11. It identifies the product of the torque of a force and the 
time it acts as the cause of a change in motion, and change in angular 
momentum as the effect. 

We have here an example of how scientific theories are different from 
what people call a theory in everyday life. People who think that 
different theories are mutually exclusive should bring their thinking 
up to date to around 1750. 

No. Impulse, FA t, depends on the force and the time interval during 
which it is applied. 

No. Work depends on the force and on the displacement over which it 
acts. 

(a) Linear momentum is conserved since there are no external forces 
acting on the system. The fragments go off in different directions 
and their vector momenta add to zero. 

(b) Kinetic energy is not conserved because the chemical potential 
energy initially in the explosive is converted into kinetic energy of 
the pieces of the bomb. 
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SOLUTIONS TO END-OF-CHAPTER PROBLEMS 


Section 9.1 Linear Momentum 

P9.1 (a) The momentum is p = mv, so V = p/m and the kinetic energy is 

K=±mv> =0 

2 2 ml 2m 


(b) K =-mv 2 implies u : 


flK n mi/ m j2K r~i=~ 
— so p =mv =m. — =| yz/nK 


K = p 2 /2m, and hence, p =^2mK . Thus, 


m =^ L= (25.°kg. m /s ) = „ 
2 K 2 2751 1 -^ 


p [2(K]_ (2(275 j) 


m m M m ]j 1.14 kg 1 — : - 1 

P9.3 We apply the impulse-momentum theorem to relate the change in the 
horizontal momentum of the sled to the horizontal force acting on it: 

Ap mv xf - mv xj 

Ap =F x At -> F x =—--ft 

Px x x At At 

f _-(l7.5kg)(3.50m/s) 

x 8.75 s 


*P9.4 We a 


are given m = 3.00 kg and v =(3.00i - 4.00 j ) m/s. 


(a) The vector momentum is then 

p =mv =(3.00 kg)[(3.00i-4.00j) m/s] 

=(9.00i —12.0j) kg •m/s 

Thus, | p x =9.00 kg • m/s | and | p y =-12.0 kg • m/s~| 

(b) p =sjff x +p£ =7(9.00 kg • m/s) 2 +(l2.0 kg • m/s) 2 

=1 15.0 kg-m/s I 
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at an angle of 

<9 = tan' 1 = tan" 1 (-1.33) = | 307° | 

We apply the impulse-momentum theorem to find the average force 
the bat exerts on the baseball: 

A p = f At ^F = M =m rhzzii 

F At I, At J 

Choosing the direction toward home plate as the positive X direction, 
we have v ( =(45.0 m/s)i, v f =(55.0 m/s)j, and At =2.00 ms: 


- =(0.145 kg) 


(55.0 m/s)j - (45.0 m/s): 


By Newton's third law. 


so F onbat =(43.26i-3.99j)N 


Section 9.2 Analysis Model: Isolated system (Momentum) 

P9.6 (a) The girl-plank system is isolated, so horizontal momentum is 

conserved. 

We measure momentum relative to the ice: p g/ +p p =p gf +p pr 
The motion is in one dimension, so we can write. 


where v gi denotes the velocity of the girl relative to the ice, v gp the 
velocity of the girl relative to the plank, and V pi the velocity of the 
plank relative to the ice. The momentum equation becomes 

0 =m g vj +m p v pi i 0 =m g v gi +m p v pi 
0 =m„[v nn +v ni )+m n v ni 


0 =m„v nn + [m n +m n )i/ n , 
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P9.7 


solving for the velocity of the plank gives 


m o + m n 


- 45-0 kg -1(1.50 m/s) 

45.o kg +150 kg y ' 


v =-0.346 m/s 


(b) Using our result above, we find that 

v gi =v gP +v pi =(1-50 m/s) +(-0.346 m/s) 

\Vg =1-15 m/s| 

(a) The girl-plank system is isolated, so horizontal momentum is 
conserved. 

We measure momentum relative to the ice: p g/ +p pj =p gf +p pr 
The motion is in one dimension, so we can write 
v g i=vJ+v„l^ V:/ =v v +v 0 

where v gj denotes the velocity of the girl relative to the ice, v gp the 
velocity of the girl relative to the plank, and V pj the velocity of the 
plank relative to the ice. The momentum equation becomes 

0 =m g v gi i +m p v pi i -> 0 =m g v gi +nn p v pi 

0 =m g [ v gp +v pi) +m p v pl 

0 =m g v gp +(m g +m p )v pi 

solving for the velocity of the plank gives 


(b) Using our result above, we find that 

( m n +m n ) r 

v oi =v an +v ni =v an 


m n +m n m n +m n 


\m g +m p )v gp -m g v gp 
m n +m n 


m n v nn +m n v an -m a v an 
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P9.8 



(a) Brother and sister exert equal-magnitude oppositely-directed 
forces on each other for the same time interval; therefore, the 
impulses acting on them are equal and opposite. Taking east as 
the positive direction, we have 

impulse on boy: / =FAt =Ap =(65.0 kg)(-2.90 m/s) =-189 N • s 
impulse on girl: / =-FAt =-Ap =+189 N-s =mv f 


Her speed is then 

/ 189 N-s 


=4.71 m/s 


m 40.0 kg 

meaning [she moves at 4.71 m/s east] . 

(b) original chemical potential energy in girl's body = total final 
kinetic energy 

U chemical =\ m ^Ly + \v^ 

=^(65.0 kg)(2.90 m/s) 2 +|(40.0 kg)(4.71 m/s) 2 


(c) | Yes. | System momentum is conserved with the value zero. 

(d) The forces on the two siblings are internal forces, which cannot 
change the momentum of the system— [the system is isolated| . 


(e) 


Even though there is motion afterward, the final momenta are 
of equal magnitude in opposite directions so the final momentum 
of the system is still zero. 
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*P9.9 We assume that the velocity of the blood is constant over the 0.160 s. 
Then the patient's body and pallet will have a constant velocity of 

^ —— =3.75 x 10” 4 m/s in the opposite direction. Momentum 
0.160 s 

conservation gives 

Pi; +p2i =Pi r +P 2 f- 

0 =m blood (0.500 m/s)+(54.0 kg)(-3.75xHT* m/s) 
m t ,ood =0-040 5 kg = | 40.5 g | 

P9.10 I have mass 72.0 kg and can jump to raise my center of gravity 25.0 cm. 
I leave the ground with speed given by 

\ff-vf =2a[x f -x i ): 0- vf =2(-9.80 m/s 2 )(0.250 m) 

v j = 2.20 m/s 

Total momentum of the system of the Earth and me is conserved as I 
push the planet down and myself up: 

0 =(5.98 x 10 24 kg)(-v e ) +(85.0 kg)(2.20 m/s) 

V e ~ [lO 23 m/s | 

P9.ll (a) For the system of two blocks Ap =0, or p t =p f . Therefore, 

0 =mv m +(3m)(2.00 m/s) 

Solving gives v m =|-6.00 m/s| (motion toward the left). 

(b) -kx 2 =-mv 2 M +-(3 m)v 2 
w 2 2 « 2 V 3M 

=^(0.350 kg)(-6.00 m/s) 2 +|(0.350 kg)(2.00 m/s) 2 

= ^40^ 


(c) | The original energy is in the spring. | 

(d) A force had to be exerted over a displacement to compress the 
spring, transferring energy into it by work. 

[The cord exerts force, but over no displacement. | 

(e) [System momentum is conserved with the value zero.| 
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(f) The forces on the two blocks are internal forces, which cannot 
change the momentum of the system— [the system is isolated.| 


(g) 


Even though there is motion afterward, the final momenta are 
of equal magnitude in opposite directions so the final momentum 
of the system is still zero. 


Section 9.3 Analysis Model: Nonisolated system (Momentum) 

P9.12 (a) / =F avg A£, where / is the impulse the man must deliver to the 

child: 


P9.13 


I=FM=A Pa 


Solving for the average force gives 

_ m cw ld |' / f - v i\ _(l2.0kg)|0-60mi/h| ( 0.447m/s \ 

avg At 0.10 s [ 1 mi/h J 

= [3.22 xio 3 n| 


or 

F„,=(3.22xio^N)[gjgip].pnq 


(b) | The man's claim is nonsense^ He would not be able to exert a 
force of this magnitude on the child. In reality, the violent forces 
during the collision would tear the child from his arms. 

(c) [These devices are essential for the safety of small children. | 

(a) The impulse delivered to the ball is 
equal to the area under the F-t graph. 

We have a triangle and so to get its 
area we multiply half its height times 
its width: 

/ = f Felt = area under curve 

J ANS. FIG. P9.13 

/ =^(l.50x IQ- 3 s )(l8 000 N) = |13.5 N• s| 
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P9.14 


P9.15 


*P9.16 


(b) 


F 


13.5 N-s 
1.50 x 10“ 3 s 


|9.00kN| 


(a) The impulse the floor exerts on the ball is equal to the change in 
momentum of the ball: 

Ap =m(v f -v ( ) =m[v f-v^j 

=(0.300 kg)[(5.42 m/s)-(-5.86 m/s)]j 
= 13.38 kg • m/s j | 

(b) Estimating the contact time interval to be 0.05 s, from the 
impulse-momentum theorem, we find 

? =Ap = 3.38kg.m/sj ^| g=7xl02Nj i 

At 0.05 s 1 - J| 

(a) The mechanical energy of the isolated spring-mass system is 
conserved: 


K, MJ si =K f MJ sf 

0 +-kx 2 =-mv 2 +0 
2 2 



(b) 


/ =|p f — p ( . | =mv f - 0 =mx iJ^ =x\[km 


(c) 


For the glider, W =K f - K\ =^mv 2 - 0 =^kx 2 


The mass makes | no difference | to the work. 
We take the x axis directed toward the pitcher. 

(a) In the X direction, p xj +l x =p xf : 


l X =Pxf-Pxi 

=(0.200 kg)(40.0 m/s)cos30.0° 

-(0.200 kg)(15.0 m/s)(-cos45.0°) 

=9.05 N-s 
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*P9.17 


P9.18 


In the y direction, p yj +l y =p yf : 
ly=Pyf-Pyi 

=(0.200 kg)(40.0 m/s)sin30.0° 

-(0.200 kg)(15.0 m/s)(-sin45.0°) 

=6.12 N-s 

Therefore, I = (9.05i +6.12j) N s 
(b) ! =|(0 +F m )(4.00 ms) +F m (20.0 ms) +^F m (4.00 ms) 

F m x 24.0 x 10" 3 s =(9.05i +6.12 j) N • s 


(377i +255j) N 


(a) From the kinematic equations, 

AX 2AX 2(1.20 r 


= | 9.60 x IQ' 2 s] 


t/ avg v t +v i 0 +25.0 m /s 
(b) We find the average force from the momentum-impulse theorem: 

= A p = mAv _ (l 400 kg)(25.0 m/s-0) = | 3 _ 65xl0 5 N | 


avs At At 


9.60 x 10~ 2 s 


(c) Using the particle under constant acceleration model, 

- AV - 25 '° m/S ^ =(260 m/4 -^9—1 pS 

s '1^9.80 m/s J L 


^Vg 


At 9.60x10 2 

We assume that the initial direction of the ball is in the -X direction, 
(a) The impulse delivered to the ball is given by 
I =Ap =p f - p, 

=(0.060 0 kg)(40.0 m/s)i-(0.060 0 m/s)(20.0 m/s)(-i) 


= 3.60i N-s 


(b) We choose the tennis ball as a nonisolated system for energy. Let 
the time interval be from just before the ball is hit until just after. 
Equation 9.2 for conservation of energy becomes 

AK +A£ int =T MW 

Solving for the energy sum AE int - T MW and substituting gives 


,=-AK=-[ln 


mv f — mv i =-m\v i - v f \ 
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P9.19 


P9.20 


Substituting numerical values gives, 

A£ t -r MW =-|(0.060 0 kg)[(20.0 m/s) 2 - (40.0 m/s) 2 * ] 
=36.0 J 

There is no way of knowing how the energy splits between 
AE mt and T MW without more information. 

(a) The impulse is in the X direction and equal to the area under the 
F-t graph: 

/ =j^ 0+ ^ N j(2 s-0)+(4 N)(3 s-2 s)J(5 s-3 s) 
=12.0 N-s 


11 =12.0 N • sT| 


(b) From the momentum-impulse theorem, 
mv ( +FA! =mv f 

_ , FA! . , 12.0 i N-s 


V f =V: + - =0 +- 

m 

(c) From the same equation, 
FAt 


2.50 kg 


4.80 i m/s 


v f =v, -I-=-2.00 i m/s + 1^-0 i N s _| 2.80 i m/s I 

m 2.50 kg 1 - 1 


(d) F At =12.0i N • s =F (5.00 s) 


(a) A graph of the expression for force shows a parabola opening 
down, with the value zero at the beginning and end of the 0.800-s 
interval. We integrate the given force to find the impulse: 


I =r°° s Fdt 

Jo 

=| 0 ° 80 ° S (9200 t N/s -11500 f N/s 2 )dt 

[ -| -| 0 . 800 s 

-(9 200 N/s)! 2 - —(11500 N/s 2 )! 3 

2 3 J 0 

= |(9 200 N/s)(0.800 s) 2 -|(11500 N/s 2 )(0.800 s) 3 

= 2944 N• s-1963 N• s =981 N-s 


The athlete imparts a downward impulse to the platform, so the 
platform imparts to her an impulse of |981 N • s, up.| 
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P9.21 


(b) We could find her impact speed as a free-fall calculation, but we 
choose to write it as a conservation-of-energy calculation: 

m 9y to p =2 m ' / ™ pac t 

V* =V 2 ( 9 - 80 m/s 2 )(0.600 m) 

= | 3.43 m/s, down] 

(c) Gravity, as well as the platform, imparts impulse to her during 
the interaction with the platform 

/ =A p 

I grav +/platform =™V f - mV, 

-mg At +/ platfoim =mv f -mv i 

solving for the final velocity gives 

v f =V: - mg At + /platform 
m 

=(-3.43 m/s)-(9.80 m/s 2 )(0.800 s ) + 981N s 
65.0 kg 

= [3783 m/s, up] 

Note that the athlete is putting a lot of effort into jumping and 
does not exert any force "on herself." The usefulness of the force 
platform is to measure her effort by showing the force she exerts 
on the floor. 


(d) Again energy is conserved in upward flight: 


to p = 2 mv Lo, f 
which gives 

_^takeoff _ (3.83 m/s) „ rj. 0 

2(9.80 m/s 2 )- |( ^ 


After 3.00 s of pouring, the bucket contains 
(3.00 s)(0.250 L/s) = 0.750 liter 

of water, with mass (0.750 L)(l kg/1 L) = 0.750 kg, and feeling 
gravitational force (0.750 kg)(9.80 m/s 2 ) = 7.35 N. The scale through the 
bucket must exert 7.35 N upward on this stationary water to support 
its weight. The scale must exert another 7.35 N to support the 0.750-kg 
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bucket itself. 

Water is entering the bucket with speed given by 


>W, m/s 2 )(2.60m) 

=7.14 m/s, downward 

The scale exerts an extra upward force to stop the downward motion 
of this additional water, as described by 
mv, mpact +F ex J =mv f 

The rate of change of momentum is the force itself: 


f dm) 

[^impact ext 


=0 


which gives 


=-(0.250 kg/s)(-7.14 m/s) =1.78 N 
Altogether the scale must exert 7.35 N + 7.35 N + 1.78 N = |l6.5 N| 


Section 9.4 Collisions in One Dimension 
P9.22 (a) Conservation of momentum gives 

m T v T f +m c v c f =m T v T , +m c v ci 
Solving for the final velocity of the truck gives 


m T V Ti +m C [ V Ci ~ V Cf) 

V T f = --T-' 

m T 

_(9 000 kg)(20.0 m/s)+(l 200kg)[(25.0-18.0)m/s] 
9 000 kg 

v Tf = |20.9 m/s East | 
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P9.23 


P9.24 


(b) We compute the change in mechanical energy of the car-truck 
system from 

AKE = KE f -KE i =^m c v 2 Cf + ^m T v 2 Tf y^m c v 2 cl +^m T v 2 T ^ 

= \[™ c (v 2 cf-v 2 ci )+m T (v 2 Tf - i/ 2 )] 

= |{(l 200 kg)[(18.0 m/s) 2 -(25.0 m/s) 2 ] 

+ (9 000 kg)[(20.9 m/s) 2 -(20.0 m/s) 2 ]} 

AKE = | -8.68xl0 3 J | 

N ote: If 20.9 m/s were used to determine the energy lost instead 
of 20.9333 as the answer to part (a), the answer would be very 
different. We have kept extra digits in all intermediate answers 
until the problem is complete. 

(c) The mechanical energy of the car-truck system has decreased. 
Most of the energy was transformed to internal energy with some] 
being carried away by sound] 

Momentum is conserved for the bullet-block system: 
mv +0 =(m +M )v f 

v ={^-)v f J 10 -0xl0- 3 kg+5.00kg\ 0600 ) 

l m J f { 10.0 x 10" 3 kg ) x 1 

= | 301 m/s | 

The collision is completely inelastic. 

(a) Momentum is conserved by the collision: 

Pi/ +P2, =Plf + Plf +m 2 V 2i = m i V lf +m 2 V 2f 

mv 1 +(2 m)v 2 =mv f 
_mv 1 +2 mv 2 


+2 mv f =3mv f 
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*P9.25 


!f 'P9.26 


(b) We compute the change in mechanical energy of the car-truck 
system from 

A K =K f -K ; =j[3m)v 2 f -^mvf (2/7i) J 

AK JjnfvJ + ^ + 4vT]_mvl_ 


2 { 9 


)- 

f m\ , 2v,v 2 , 2m\ A 

=m\ — +—— +— 

{6 3 3 2 2 J 

xJUtWnHL-HL-ed) 

{ 6 6 6 6 6 ) 

2m\ 4v x v 2 2m\ \ 


=17) I-— 4— 

6 6 


A/C = 


-^(v\ + v\-2v^) 


(a) We write the law of conservation of momentum as 
mv ri +3 mv 2i =4 mv f 

4.00 m/s+3(2.00 m/s) 


- = 2.50 m/s 


(b) K f -K; =|(4 mW-^mvl +~(3, m)v 2 2i 
=|(2.50xl0 4 kg)[4(2.50 m/s) 2 


-(4.00 m/s) 2 -3(2.00 m/s) 2 ] 


= | -3.75 x 10 4 J | 

(a) The internal forces exerted 
by the actor do not change 
the total momentum of the 
system of the four cars and 
the movie actor. 
Conservation of momentum 
gives 


2.00m/s 4. 00 m/s 


ANS. FIG. P9.26 


(4 m)v j =(3m)(2.00 m/s)+m(4.00 m/s) 

6.00 m/s +4.00 m/s i . __ - - —i 

v, =-= | 2.50 m/s | 
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P9.27 


*P9.28 


(b) W actor =K f -K i 

=|[(3m)(2.00 m/s) 2 +m(4.00 m/s) 2 ]-^-(4m)(2.50 m/s f 
factor = ( 2 ‘ 50x * 0 kg ) (i2.0 +16.0 - 25.0)(m/s) 2 = 37.5 kj 


(c) 


The event considered here is the time reversal of the 
perfectly inelastic collision in the previous problem. 
The same momentum conservation equation describes 
both processes. 


(a) From the text's analysis of a one-dimensional elastic collision with 
an originally stationary target, the X component of the neutron's 
velocity changes from v, to v lf = (1 - 12)y/13 = —llt/,/13. The x 
component of the target nucleus velocity is V 2f = 2l/ f /13. 


The neutron started with kinetic energy 


The target nucleus ends up with kinetic energy ^(12/nJ^^ 
Then the fraction transferred is 


|{l2m 1 )(2 1 /,/13) 2 _ 48 
I m „* I® : 


Because the collision is elastic, the other 71.6% of the original 
energy stays with the neutron. The carbon is functioning as a 
moderator in the reactor, slowing down neutrons to make them 
more likely to produce reactions in the fuel. 

(b) The final kinetic energy of the neutron is 

K n =(0.716)(1.60 x 1CT 13 J) = | 1.15xlQ- 13 f] 


and the final kinetic energy of the carbon nucleus is 


K c =(0.284)(1.60 x 10“ 13 J) = | 4.54xlCT 14 TJ 


Let's first analyze the situation in which the wood block, of mass 
m w = 1.00 kg, is held in a vise. The bullet of mass /7b = 7.00 g is initially 
moving with speed Vb and then comes to rest in the block due to the 
kinetic friction force 4 between the block and the bullet as the bullet 
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deforms the wood fibers and moves them out of the way. The result is 
an increase in internal energy in the wood and the bullet. Identify the 
wood and the bullet as an isolated system for energy during the 
collision: 


A K +AE int =0 

Substituting for the energies: 

^0-^m b vlj+f k d =0 [ 1 ] 

where d = 8.00 cm is the depth of penetration of the bullet in the wood. 

Now consider the second situation, where the block is sitting on a 
frictionless surface and the bullet is fired into it. Identify the wood and 
the bullet as an isolated system for energy during the collision: 

A K +AE int =0 

Substituting for the energies: 

^(m f , +m w )v 2 f --^m b vl^+f k d' =0 [2] 

where Vf is the speed with which the block and imbedded bullet slide 
across the table after the collision and d' is the depth of penetration of 
the bullet in this situation. Identify the wood and the bullet as an 
isolated system for momentum during the collision: 

Ap=0 —> Pi =p f —> m b v b =(m b +m w )v f [3] 

Solving equation [3] for M b , we obtain 

* 

Solving equation [1] for f k d and substituting for V b from equation [4] 
above: 


, , 1 2 1 
Ed =-m h vz =-m h 

k 2 b b 2 b 


[m b +m w )v f T 


i h + m J 2 

2 m b f 


[ 5 ] 
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*P9.29 


Solving equation [2] for f k d' and substituting for v b from equation [4]: 


f k d r =; 


1/ x 2 1 

1 / , \ 2 1 

)1 V J 

.V "J 


(m,, +m w )v f 


Dividing equation [6] by [5] gives 


f k d' 

_& _ 

1 

m w 1 , x 

—( m b +m w 
m b ' b 

)]v 2 f 

_ m w 

f k d '' 

d = 

1 

K+mJ 2 

m b +m w 

v f 



2 



[ 6 ] 


Solving for d' and substituting numerical values gives 


-{ m - )d 

1.00 kg 1| 


0.007 00 kg+1.00 kg J 


(8.00 cm) =[7.94 cm | 


(a) The speed v of both balls just before the basketball reaches the 
ground may be found from =v 2 yi +2a y Ay as 


v =^ yi +2a y Ay =yjo+2 (-g)[-h) =^2gh 

=^2(9.80 m/s 2 )(l.20 m) = |4.85m/s| 

(b) Immediately after the basketball rebounds from the floor, it and 
the tennis ball meet in an elastic collision. The velocities of the 
two balls just before collision are 

for the tennis ball (subscript t): V ti =-V 

and for the basketball (subscript b): V ti =4V 

We determine the velocity of the tennis ball immediately after this 
elastic collision as follows: 

Momentum conservation gives 

m t v tf +m b v bf =m t v ti +m b v bi 

or m t v ff +m b v bf =(m b -m t )v [1] 
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P9.30 


From the criteria for a perfectly elastic collision: 

or v„ =v ff +v ti -v b =v tf -2v [2] 

Substituting equation [2] into [1] gives 

m t v tf +m b (v tf -2v)=(m b -m t )v 

or the upward speed of the tennis ball immediately after the 
collision is 


f 3 m b -m t 

y_r 3m„-mq 

y m t +m b 

J U+™J' 


The vertical displacement of the tennis ball during its rebound 
following the collision is given by =V l yj +2a y Ay as 


Ay: 


1 

tN it 

O 

1 

'sv 

r J_l 

f 3m b - m t Y 

2a y 2 (-g) ( 

3*) 

l m t +™ b J 


r 3 m h -n 


y m t +m b 

Substituting, 

r 3(590g)-(57.0g) f 
L 57.0 g +590 g J v - J 

Energy is conserved for the bob-Earth system 
between bottom and top of the swing. At the top the 
stiff rod is in compression and the bob nearly at rest. 

K,-HJ,=K f -HJ f : -M\f b +0 =0 +Mc/2£ 


Xl 


~*V/2 

ANS. FIG. P9.30 


=4 gt so v b =2yfg£ 

Momentum of the bob-bullet system is conserved in the collision: 


mv =m^+M ( 2 yfgl) 


4 M I—- 
y= — y[gt 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly, 


sible website, in whole or in part. 











462 Linear Momentum and Collisions 


P9.31 


P9.32 


The collision between the clay and the wooden block is completely 
inelastic. Momentum is conserved by the collision. Find the relation 
between the speed of the clay (C) just before impact and the speed of 
the clay+block (CB) just after impact: 


Pb; +Pc; — pBf +Pa ^ m B V Bi + m c v c ; ~ m n V Bf + m c v cf 

M (o) +mv c =mv CB +M v CB =(m +M )\/ CB 


Now use conservation of energy in the presence of friction forces to 
find the relation between the speed i/ CB just after impact and the 
distance the block slides before stopping: 

A/C + AEjhj = 0: 0-^(m+M )v 2 CB - fd = 0 

and - fd = -jund = -ju(m + M )gd 

\{m+ M )v 2 CB = n(m + M )gd -> \/ CB = p/ugd 

Combining our results, we have 

(m + M) r -— 

= (12 ' Q 1 |p 1 g Q ° S> ,/2(0.650)(9.80 m/s 2 )(7.50 m) 

|u c =91.2 m/s | 

The collision between the clay and the wooden block is completely 
inelastic. Momentum is conserved by the collision. Find the relation 
between the speed of the clay (C) just before impact and the speed of 
the clay+block (CB) just after impact: 


Pb; +Pc; =P B f +Pcf “» m B^B; +™c v G =^Bf 
M (o) +mv c =mv CB +M \/ CB =(m +M )v CB 
_[m +M ) 


Now use conservation of energy in the presence of friction forces to 
find the relation between the speed i/ CB just after impact and the 
distance the block slides before stopping: 


A/C +AE int =0: 0 — ~[m +M )\/cb - fd =0 

and - fd =-/jnd +M )gd 
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P9.33 


P9.34 


Then, 

^(m+M )i/c B =p[m +M )gc/—> 

Combining our results, we have 
(m +M ) r-—- 

v c ='- ln -’jmE 

The mechanical energy of the isolated 
block-Earth system is conserved as the 
block of mass m 1 slides down the track. 

First we find \/ v the speed of m 1 at B 
before collision: 

K. + U j = K { + U f ANS. FIG. P9.33 

+0 =0 +m 1 gh 

v 1 =^2(9.80 m/s 2 )(5.00 m) =9.90 m/s 

Now we use the text's analysis of one-dimensional elastic collisions to 
find V lf/ the speed of m 1 at B just after collision. 

_ m 1 -m 2 = _ 11 9 9Q j m/ = _ 3 30 m/s 

lf m 1 +m 2 1 3 V 1 

Now the 5-kg block bounces back up to its highest point after collision 
according to 

mi gh max =^m x \i\ f 



which gives 

, y[ f (-3.30 m/s) 2 p—-, 

Wx 2 g 2(9.80 m/s 2 ) 1 - 1 

(a) U sing conservation of momentum, (X P ) before = ( X P ) after / gives 

(4.00 kg)(5.00 m/s) + (10.0 kg)(3.00 m/s) 

+ (3.00 kg)(-4.00 m/s) = [(4.00 +10.0 + 3.00) kg] v 

Therefore, V = +2.24 m/s, or |2.24 m/s toward the right] . 

(b) | No. | For example, if the 10.0-kg and 3.00-kg masses were to 
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stick together first, they would move with a speed given by 
solving 

(13.0 kg)^ =(10.0 kg)(3.00 m/s) +(3.00 kg)(-4.00 m/s) 
or v 1 =+1.38 m/s 

Then when this 13.0-kg combined mass collides with the 4.00-kg 
mass, we have 

(17.0 kg) v =(13.0 kg)(1.38 m/s)+(4.00 kg)(5.00 m/s) 
and V = +2.24 m/s, just as in part (a). 

[Coupling order makes no difference to the final velocity.| 


Section 9.5 Collisions in Two Dimensions 

*P9.35 (a) We write equations expressing 

conservation of the X and y 
components of momentum, 
with reference to the figures 
on the right. Let the puck initially 
at rest be m 2 . In the x direction, 

=m 1 v 1 f cos G +m 2 v 2 f cos 0 
which gives 

m 1 v li -m 1 v lf cos G 
A f cos (b =- 

m i 

or 


[(0.200 kg)(2.00 m/s) 

- (0.200 kg)(l.00 m/s)cos 53.0°] 

In the y direction, 

0 =m 1 v lf sinG- m 2 v 2f sin0 
which gives 

m 1 v lf sin# 

l/ 2f sin<j> =--- 

m 2 


v 2 f COS 0 


4—i 

^ 0.300 


.300 kg 


o- 


-04 


v v sin_6 r Vv 

v^cos 9 
A 

After _/ _ ( _ 

""''(SC 

-v 2 f sin <j> 

ANS. FIG. P9.35 
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P9.36 


P9.37 


or 

0 =(0.200 kg)(l.00 m/s)sin53.0°-(0.300 kg)[v 2f sirup) 


From these equations, we find 


tanq = 


sirup _ 0.532 
coscp 0.932 


=0.571 


or 


| 0 = 29.7° | 


_ 0.160 kg • m/s 

6n 2f (0.300 kg)(sin29.7°) 


= | 1.07 m/s 1 


(b) K-, =-(0.200 kg)(2.00 m/s) =0.400 J and 

K f =|(0.200 kg)(1.00 m/s) 2 +|(0.300 kg)(1.07 m/s) 2 =0.273 J 
, _A/C _K f -K, _0.273 J-0.400 J _ , 

oiooj 


We use conservation of momentum for the 
system of two vehicles for both northward 
and eastward components, to find the 
original speed of car number 2. 

For the eastward direction: 

m(l3.0 m/s) =2 mV f cos55.0° 
For the northward direction: 

mv 2i =2mV f sin55.0° 



ANS. FIG. P8.26 


Divide the northward equation by the eastward equation to find: 
V 2i =(l3.0 m/s) tan55.0° =18.6 m/s =41.5 mi/h 


Thus, the driver of the northbound car was untruthful. His original 
speed was more than 35 mi/h. 

We will use conservation of both the X component and the y 
component of momentum for the two-puck system, which we can 
write as a single vector equation. 

+m 2 v 2/ =m 1 y lf +m 2 v 2f 
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Both objects have the same final velocity, which we call v f . Doing the 

algebra and substituting to solve for the one unknown gives 

mSi Vi +mSl n : 

M f =—^ -2_2iL 

m l +m 2 

_(3.00 kg)(5.00i m/s) +(2.00 kg)(-3.00j m/s) 

3.00 kg +2.00 kg 

and calculating gives v f m / s = |(3.00i - 1.20j) m/s| 


P9.38 


P9.39 


We write the conservation of momentum in the X direction, p^ =p xi , as 


mv 0 cos37.0° + m\/ Y cos53.0 0 = m(5.00 m/s) 

0.799 v Q +0.602 v y =5.00 m/s [1] 

and the conservation of momentum in the y direction, Pyf =p yi , as 
mv 0 sin37.0°- mv Y sin53.0° =0 

0.602 v Q =0.799 v y [2] 

Solving equations [1] and [2] simultaneously gives, 

|y Q =3.99 m/s | and |v Y =3.01 m/s | 



ANS. FIG. P9.38 illustrates the collision. We write the conservation of 
momentum in the X direction, p ^ =p xi/ as 


mv Q cos 0 +mv Y cos (90.0°- d) =mv i 

v 0 cos 6 +v Y sin 6 = v j [ 1 ] 
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*P9.40 


and the conservation of momentum in the y direction, Pyf =p yi , as 

mv 0 sin 0-mv Y cos (90.0 °-d) =0 
V Q sin 6 = V Y cos 0 
From equation [2], 



Substituting into equation [1], 



+\/ Y sin# = v t 


[ 2 ] 

[3] 


so 

V Y (cos 2 0 +sin 2 o)=Vi sin#, and | V Y — V, sin 0 | 


Then, from equation [3], |u 0 = v j cos#] 


We did not need to write down an equation expressing conservation of 
mechanical energy. In this situation, the requirement on perpendicular 
final velocities is equivalent to the condition of elasticity. 


(a) 


The vector expression for 
conservation of momentum, 

P, =P r gives p xi =p xf and p yi =Pyf. 

my =mvc os G +mvc os 0 
0 =m\/sin0 +m(/sin0 
From [2], sin# =-sin (j) so 6 =-</>. 



Furthermore, energy conservation for the system of two protons 
requires 

-mvf =-mv 2 +-mv 2 
2 1 2 2 


so 
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P9.41 


P9.42 


(b) Hence, [1] gives 

2 V: cos # 

V: =-- 

' V2 


with 0 = | 45.0° | and 0 = | -45.0^ 

By conservation of momentum for the 
system of the two billiard balls (with all 
masses equal), in the X and y directions 
separately, 

5.00 m/s + 0 = (4.33 m/s)cos30.0°+ v 21x 

v 2fe = 1.25 m/s 

0 = (4.33 m/s) sin 30.0° + V 2 

v lfy = -2.16 m/s 

v 2f = | 2.50 m/s at -60.0° | 



ANS. FIG. P9.41 


Note that we did not need to explicitly use the fact that the collision is 
perfectly elastic. 


(a) 


The opponent grabs the fullback and does not let go, so the 
two players move together at the end of their interaction— 
thus the collision is perfectly inelastic. 


(b) First, we conserve momentum for the system of two football 
players in the X direction (the direction of travel of the fullback): 

(90.0 kg)(5.00 m/s) + 0 = (185 kg)U cos# 

where 9 is the angle between the direction of the final velocity V 
and the X axis. We find 


V cos 9 = 2.43 m/s [1] 

Now consider conservation of momentum of the system in the y 
direction (the direction of travel of the opponent): 

(95.0 kg)(3.00 m/s) + 0 = (185 kg)U sin 9 
which gives 

V sin# = 1.54 m/s [2] 

Divide equation [2] by [1]: 

1 54 

tan# = =0.633 

2.43 
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From which, 1 0 =32.3°1 . 

Then, either [1] or [2] gives V = |2.88 m/s] . 

(c) K, =^-(90.0 kg)(5.00 m/s) 2 +^(95.0 kg)(3.00 m/s f =1.55 x 10 3 J 

K f =—(185 kg)(2.88 m/s) 2 =7.67 xlO 2 J 

Thus, the kinetic energy lost is | 786 J into internal energy | . 

P9.43 (a) With three particles, the total final momentum of the system is 

/TijVj f + m 2 v 2 f + m 3 v 3 f and it must be zero to equal the original 
momentum. The mass of the third particle is 
m 3 = (17.0 - 5.00 - 8.40) x 10~ 27 kg 
or m 3 = 3.60 x 10 -27 kg 
Solving my u +m 2 v 2f +m 3 v 3 f =0 for Sr 3f gives 


m,v, f +m,v of 


(3.361 +3.00j) x 10' 20 kg-m/s 
3.60 x 10“ 27 kg 

| (-9.33 x 10 6 i - 8.33 x 10 6 j) n^j 



Original Final 


ANS. FIG. P9.43 


(b) The original kinetic energy of the system is zero. 
The final kinetic energy is K = K lf + K 2f + K 3f . 

The terms are 


K u =|(5.00xl0~ 27 kg)(6.00x 10 6 m/s) 2 =9.00xlO" 14 J 
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K 2f =|(8.40xl0' 27 kg)(4.00x 10 6 m/s f =6.72 xlO' 14 J 

K 3f =|(3.60xl(T 27 kg) 

x[(-9.33xl0 6 m/s) 2 +(-8.33xlO 6 m/s) 2 ] 

=28.2 xlO~ 14 J 

Then the system kinetic energy is 

K = 9.00 x 10" 14 J + 6.72 x 10~ 14 J + 28.2 x 10~ 14 J 
= [4.39 x 10~ 13 j| 

P9.44 The initial momentum of the system is 0. Thus, 

(l.20m)v fl . =m (lO.O m/s) 
and v Bi =8.33 m/s 

From conservation of energy, 

K, =^m(10.0 m/s f +^(1.20m)(8.33 m/s f =|m( 183 m 2 /s 2 ) 

K, =\m(v G f +i(1.20m)(i/,) 2 =ifi/n(183 m 2 /s 2 ] 

or +1.20l4 =91-7 m 2 /s 2 [1] 

From conservation of momentum, 

mv G =(l.20 m)v B 

or \/ G =1.20 \/ e [2] 

Solving [1] and [2] simultaneously, we find 
(1.20v b ) 2 +1.20 14 =91.7 m 2 /s 2 
V B =(91.7 m 2 /s 2 /2.64) 1/2 
which gives 

|i/ B =5.89 m/s | (speed of blue puck after collision) 
and |l/ G =7.07 m/s| (speed of green puck after collision) 
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Section 9.6 The Center of Mass 
P9.45 The X coordinate of the center of mass is 


P9.46 


P9.47 


__ 0 +0 +0 +0 _ 

r<:M ~~ Zm, _ 2.00 kg +3.00 kg +2.50 kg +4.00 kg 


and the y coordinate of the center of mass is 


Ycm 


X!Mi 

'I m, 


J _i_I 

^ 2.00 kg +3.00 kg +2.50 kg +4.00 kg J 
x[(2.00 kg)(3.00 m) +(3.00 kg)(2.50 m) 
+(2.50 kg)(0) +(4.00 kg)(-0.500 m)] 

y c m = i-00 m 


Then 


?cm =(0 i +1-00j) m 


Let the x axis start at the Earth's center and point toward the Moon. 

_ m i X l +™2 X 2 

X CM — — 

m 1 +m 2 

_(5.97xl0 24 kg)(0) +(7.35xlO 22 kg)(3.84xl0 8 m) 
6.05 x 10 24 kg 

=[4.66 x 10 6 m from the Earth's center | 


The center of mass is within the Earth, which has radius 6.37 x 10 6 m. It 
is 1.7 Mm below the point on the Earth's surface where the Moon is 
straight overhead. 

The volume of the monument is that of a thick triangle of base 
L = 64.8 m, height H = 15.7 m, and width 1/1/ = 3.60 m: V =V 2 LHW = 

1.83 x 10 3 m 3 . The monument has mass M = pV = (3 800 kg/m 3 )!/ = 

6.96 x 10 6 kg. The height of the center of mass (CM) is y CM = H / 3 
(derived below). The amount of work done on the blocks is 


u g =Mgy cm 

=Mgj =(6.96xlO 6 kg)(9.80 m/s 2 )[^^p^j 
= | 3.57x10^ 
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We derive y CM = H /3 here: 

We model the monument with the 
figure shown above. Consider the 
monument to be composed of slabs of 
infinitesimal thickness dy stacked on -L/2 
top of each other. A slab at height y ANS. FIG. P9.47 

has a infinitesimal volume element 
dV =2x\N dy, where 1/1/ is the width of 
the monument and X is a function of height y. 

The equation of the sloping side of the monument is 

LJ H LJ 2H Lj(l 2 } 

y=H-—x^y=H~— x^y=H\^l--xJ 
where X ranges from 0 to + L /2. Therefore, 

4K) 


where y ranges from 0 to H. The infinitesimal volume of a slab at 
height y is then 


cM =2xWdy -LW 



The mass contained in a volume element is dm = pdV. 

Because of the symmetry of the monument, its CM lies above the 
origin of the coordinate axes at position y CM : 

y c“ =wl ydm = w\ ypdV = w\ ypLW i 1 ~H') dy 



where we have used M =p^LHW 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly i 


sible website, in whole or in part. 











Chapter 9 473 


P9.48 


P9.49 


We could analyze the object as nine squares, each 
represented by an equal-mass particle at its 
center. But we will have less writing to do if we 
think of the sheet as composed of three sections, 
and consider the mass of each section to be at the 
geometric center of that section. Define the mass 
per unit area to be o, and number the rectangles 
as shown. We can then calculate the mass and 
identify the center of mass of each section. 


y(cm) 


30 

20 

10 


/// 


II 


4cm) 


10 20 30 

ANS. FIG. P9.48 


m, = (30.0 cm)(10.0 cm)cr 

with 

CM, 

= (15.0 cm, 5.00 cm) 

m (f = (10.0 cm)(20.0 cm)cr 

with 

CM, 

, = (5.00 cm, 20.0 cm) 

m m = (10.0 cm)(10.0 cm)cr 

with 

CM, 

„ = (15.0 cm, 25.0 cm) 


The overall center of mass is at a point defined by the vector equation: 

= m, 


Substituting the appropriate values, ? CM is calculated to be: 


r CM 1 


o (300 cm 2 +200 cm 2 +100 cm 2 ] 

x {<r[(300)(15.0i +5.00 j) +(200)(5.00i +20.0j) 
-K100)(15.0i+25.0j)]cm 3 } 


Calculating, 


4 500i +1 500j +1 000i +4 000j +1 500i +2 500j 

r CM - ^nn cm 


and evaluating, = |(11.7i +13.3j) cm] 

This object can be made by wrapping tape around a light, stiff, 
uniform rod. 


0.300 m 0.300 m 

(a) M= J ldx= J [50.0 + 20.0x]dx- 

0 0 

M = [50.0X+ lO.Ox 2 ]°' 3 °° m = 115.9 g | 
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*P9.50 


(b) 


[ xdm 

J 1 0.300 m 0.300 m 

Xcm=^— = w J ^xdx= w J [so.Ox +20.0x 2 ]dx 

[ 3 ”|0.300 m 

25.0X 2 +=^~ =[0153m| 

3 Jo 1 - 1 


We use a coordinate system centered in 
the oxygen (O) atom, with the X axis to 
the right and the y axis upward. Then, 
from symmetry. 



and 


Ycm — 


lm i y i 


o 



ANS. FIG. P9.50 


(15.999 u +1.008 u +1.008 u) 

x[0-(1.008 u)(0.100 nm)cos53.0° 


-(1.008 u)(0.100 nm)cos53.0°] 


The center of mass of the molecule lies on the dotted line 
shown in ANS. FIG. P9.50, 0.006 73 nm below the center 
of the O atom. 


Section 9.7 
P9.51 (a) 


Systems of Many Particles 

_m 1 v 1 +m 2 v 2 

* M M 

= (Fo5~kg) [(2 ' 00 kg)(2 - 00 * m / s - 3 - 00 j m/s) 
+(3.00 kg)(1.00i m/s +6.00j m/s)] 


(l.40i +2.40j) m/s 


(b) p =Mv cm =(5.00 kg)(1.40i +2.40j) m/s =| (7.00i +12.0j) kg • m/s 
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(a) ANS. FIG. P9.52 shows the position 
vectors and velocities of the particles. 

(b) Using the definition of the position 
vector at the center of mass. 


m, r, +m 2 r 2 
m. +m_ 


< 



2.00 kg +3.00 kg 

[(2.00 kg)(1.00 m, 2.00 m) 
+(3.00 kg)(-4.00 m, -3.00 m)] 


ANS. FIG. P9.52 


*CM 


(-2.00i-l.00j) m 


(c) The velocity of the center of mass is 

_ P _m 1 v 1 +m 2 v 2 
v c M ,| r , 1 + m 2 

1 


=r_t_i 

^ 2.00 kg +3.00 kg J 


2.00 kg +3.00 kg J 
[(2.00 kg)(3.00 m/s, 0.50 m/s) 

+(3.00 kg)(3.00 m/s, -2.00 m/s)] 


(3.00i-1.00j) m/s 


P9.53 


(d) The total linear momentum of the system can be calculated as 
P =Mv cm or as P =m 1 v 1 +m 2 v 2 . Either gives 


P= (l5.0i - 5.00j) kg • m/s 


No outside forces act on the boat-plus- 
lovers system, so its momentum is 
conserved at zero and the center of mass 
of the boat-passengers system stays 
fixed: 

^CM,/ = X CM,f 

Define K to be the point where they kiss, 
and AXj and Ax b as shown in the figure. ANS. FIG. P9.53 

Since Romeo moves with the boat (and 

thus Ax Romeo =Ax b ), let m b be the combined mass of Romeo and the 
boat. The front of the boat and the shore are to the right in this picture. 
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and we take the positive X direction to the right. Then, 

/DjAXj +m b Ax b =0 

Choosing the X axis to point toward the shore, 

(55.0 kg)AXj +(77.0 kg +80.0 kg)Ax b =0 
and AXj =-2.85Ax fa 

As Juliet moves away from shore, the boat and Romeo glide toward 
the shore until the original 2.70-m gap between them is closed. We 
describe the relative motion with the equation 

|AXj| +Ax b =2.70 m 

Here the first term needs absolute value signs because Juliet's change 
in position is toward the left. An equivalent equation is then 
-AXj +Ax b =2.70 m 
Substituting, we find 

+2.85Ax b +Ax b =2.70 m 

so Ax h = 2-70 m =10.700 ml towards the shore 

b 3.85 1 - 1 

P9.54 The vector position of the center of mass is (suppressing units) 

r _m,r, +m 2 r 2 _3.5[(3i +3j)t+2jt 2 ]+5.5[3i - 2it 2 +6jt] 
Fcm m r +m 2 3.5 +5.5 

=(l.83 +1.17t - 1.22t 2 )i +(-2.5t +0.7781 2 ) j 

(a) At t = 2.50 s, 

? CM =(l.83+1.17-2.5-1.22-6.25)i +(-2.5-2.5 +0.778-6.25) j 
= (-2.89i-l.39j) cm 

(b) The velocity of the center of mass is obtained by differentiating 
the expression for the vector position of the center of mass with 
respect to time: 

v CM =(1.17-2.44 t)i +(-2.5 +1.56t)j 

At t = 2.50 s, 

v CM =(1.17- 2.44-2.5)i +(-2.5 +1.56-2.5) j 
=(-4.94i + 1.39j) cm/s 
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Now, the total linear momentum is the total mass times the 
velocity of the center of mass. 

p =(9.00 g)(-4.94i +1.39j) cm/s 

= | (- 44.5i +12.5j) g • cm/s | 


(c) As was shown in part (b). 


(— 4.94i + 1.39j) cm/s 


(d) Differentiating again, a CM =(-2.44)i +1.56j 


L.56j) cm/s 2 


(e) 


The center of mass acceleration is 
2.50 s and at all times. 

The net force on the system is equal to the total mass times the 
acceleration of the center of mass: 


t =(9.00 g)(-2.44i +1.56j) cm/s 2 =|(-220i +140j) pN 


(a) Conservation of momentum for the two-ball system gives us: 
(0.200 kg)(1.50 m/s) +(0.300 kg)(-0.400 m/s) 

=(0.200 kg)v lf +(0.300 kg)v 2f 
Relative velocity equation: 

v 2f -v xf =1.90 m/s 
Then, suppressing units, we have 

0.300-0.120 =0.200 u lf +0.300(1.90 +v lf ) 
v lf =-0.780 m/s v 2f =1.12 m/s 


v lf =-0.780i m/s~[ | v 2f =1.12i m/s 


(b) Before, v CM 


_ (0.200 kg)(l.50 m/s)i +(0.300 kg)(-0.400 m/s)i 


0.500 kg 


, =(0.360 m/s)i| 


Afterwards, the center of mass must move at the same velocity, 
because the momentum of the system is conserved. 
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Section 9.8 
P9.56 (a) 


(b) 


(c) 

(d) 


(e) 

P9.57 (a) 


(b) 


P9.58 (a) 

(b) 


Deformable Systems 

| Yes | The only horizontal force on the vehicle is the frictional 
force exerted by the floor, so it gives the vehicle all of its final 
momentum, (6.00 kg)(3.00i m/s) = |l8.0i kg-m/s| . 

No. The friction force exerted by the floor on each stationary bit 
of caterpillar tread acts over no distance, so it does zero work. 

Yes, we could say that the final momentum of the cart came 
from the floor or from the Earth through the floor. 

No. The kinetic energy came from the original gravitational 
potential energy of the Earth-elevated load system, in the 

amount KE =[^j( 6.00 kg)(3.00 m/s) 2 =27.0 J. 

Yes. The acceleration is caused by the static friction force exerted 
by the floor that prevents the wheels from slipping backward. 

When the cart hits the bumper it immediately stops, and the 
hanging particle keeps moving with its original speed l/. The 
particle swings up as a pendulum on a fixed pivot, keeping 
constant energy. Measure elevations from the pivot: 

^mvf +mg[-L ) =0 +mg(-L cos e) 

Then 1/ = |^/2gL(l-cos6)| 

The bumper continues to exert a force to the left until the particle 
has swung down to [its lowest point | . This leftward force is 
necessary to reverse the rightward motion of the particle and 
accelerate it to the left. 

| Yes | The floor exerts a force, larger than the person's weight over 
time as he is taking off. 

|No| The work by the floor on the person is zero because the force 
exerted by the floor acts over zero distance. 
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(c) He leaves the floor with a speed given by ^ mv 2 =mgy f , or 

V=yj2gy f =^/2(9.80 m/s 2 )(0.150 m) =1.71 m/s 
so his momentum immediately after he leaves the floor is 
p =mv =(60.0 kg)(l.71 m/s up) = | 103 kg • m/s up | 


(d) 

Yes. You could say that it came from the planet, that gained 
momentum 103 kg • m/s down, but it came through the force 
exerted by the floor over a time interval on the person, so it 
came through the floor or from the floor through direct contact. 

(e) His kinetic energy is 



K =^mv 2 =^(60.0 kg)(l.71 m/s) 2 =|88.2 J| 


(f) 

No. The energy came from chemical energy in the person's 
leg muscles. The floor did no work on the person. 



P9.59 Consider the motion of the center of mass (CM) of the system of the 
two pucks. Because the pucks have equal mass m, the CM lies at the 
midpoint of the line connecting the pucks. 

(a) The force F accelerates the CM to the right at the rate 
= _F_ 

a CM 2m 

According to Figure P9.59, when the force has moved through 
distance d, the CM has moves through distance D CM =d-^£. We 

can find the speed of the CM, which is the same as the speed v of 
the pucks when they meet and stick together: 
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(b) The force F does work on the system through distance d, the work 
done is 1/1/ = Fd. Relate this work to the change in kinetic energy 
and internal energy: 


A K +A E. . =1/1/ 


where A K 

2^ m ) V CM m 

'F(2d-£)~ 

2m 

F(ld-£ 

2 

>(2d-/)" 

2 

+A£ int =Fd —> AE^ =Fd- 

>(2d-/)" 

2 


Fi 

AE. =Fd-Fd +— 

mt 2 

AE. M 


Section 9.9 Rocket Propulsion 
P9.60 (a) The fuel burns at a rate given by 

= ^_g =6 68 x 10 -3 kg/s 

dt 1.90 s 6 

From the rocket thrust equation, 
dM 


ClM l \ 

Thrust = v e —: 5.26 N =v e (6.68 x 10“ 3 kg/s) 


v e = 787 m/s 


(b) V f - Vi =V e ]n 


Vf -0 =(787 m/s)ln^ 
v f = | 138 m/s] 


53.5 g +25.5 g 
53.5 g+25.5 g-12.7 g y 
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*P9.61 The force exerted on the water by the hose is 

F _ Ap water _ mv f -mv i _ (0.600 kg)(25.0 m/s)-0 

At At 1.00 s 

=1 15.0 N I 


P9.62 


According to Newton's third law, the water exerts a force of equal 
magnitude back on the hose. Thus, the gardener must apply a 15.0-N 
force (in the direction of the velocity of the exiting water stream) to 
hold the hose stationary. 

(a) The thrust, F, is equal to the time rate of change of momentum as 
fuel is exhausted from the rocket. 


F 


dp _d_ 
dt ~dt 


He) 


Since the exhaust velocity V e is a constant. 


F =v e (dm/dt), where dm/dt =1.50 xlO 4 kg/s 


and v e =2.60 x 10 3 m/s. 

Then F =(2.60 x 10 3 m/s)(l.50 x 10 4 kg/s) = |3.90xl0 7 n| 

(b) Applying LF =ma gives 

YjF y = Thrust - Mg=Ma 

3.90xlO 7 N-(3.00xl0 6 kg)(9.80 m/s 2 ) =(3.00xlO 6 kg)a 


a = | 3.20 m/s 2 1 

M 

P9.63 In l/ = vjn — L we solve for M .. 

M f 

(a) M, =e f// ' 4 M f -> M y =e? (3.00 x 10 3 kg) =4.45 x 10 5 kg 
The mass of fuel and oxidizer is 


AM =M, - M f =(445 - 3.00) x 10 3 kg 
= |442 metric tons| 

(b) AM =d (3.00 metric tons)- 3.00 metric tons = |l9.2 metric tons] 
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P9.64 


(c) 


This is much less than the suggested value of 442/2.5. Mathe¬ 
matically, the logarithm in the rocket propulsion equation is not a 
linear function. Physically, a higher exhaust speed has an extra- 
large cumulative effect on the rocket body's final speed, by 
counting again and again in the speed the body attains second 
after second during its bum. 


(a) From the equation for rocket propulsion in the text. 

Now, M f =M■ -kt, so v =—v Inf ———I =- 1 / Inf 1-— tj 

e { Mi ) { M, J 

M 

With the definition, T p = this becomes 


v(t) = 


-v e ln 



(b) With, v e = 1 500 m/s, and T p = 144 s, 
^-(iSOOm/slhfl-^) 


t(s) 

v (m/s) 

0 

0 

20 

224 

40 

488 

60 

808 

80 

1220 

100 

1 780 

120 

2 690 

132 

3 730 



ANS. FIG. P9.64(b) 
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(c) a(t) = 


d[-i/ e ]n(l-^)] 

- J i |h' 

Lk) 


dt 

v-u 7 

1 UJ 

U-^J' 


• a(t) = 


T n -t 


(d) With, V = 1 500 m/s, and T = 144 s, a = - m ^ S . 
' e p 144 s -t 


t(s) 

a (m/s 2 ) 

0 

10.4 

20 

12.1 

40 

14.4 

60 

17.9 

80 

23.4 

100 

34.1 

120 

62.5 

132 

125 



(e) x(t) =0 + j vdt = j 


dt=v e T p j In 


x(t) = 



rr 

if Of 

vJ D 

1-— 


e p 

LI ^ 

II T p) \ 

i 

\ 

' o 

v e [ 

r- t in 

1-— \+vl 

e\ 

p 1 

v T P ) 


(f) With, V e = 1.500 m/s = 1.50 km/s, and T p = 144 s, 
x =1.50(144- t)lnf 1 - ^-1 +1.50t 
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t(s) 

x(m) 

0 

0 

20 

2.19 

40 

9.23 

60 

22.1 

80 

42.2 

100 

71.7 

120 

115 

132 

153 



ANS. FIG. P9.64(f) 


Additional Problems 
P9.65 


(a) At the highest point, the velocity of the ball is zero, so momentum 
is also | zero | . 

(b) Use =v L yi +2a(y f - y, ) to find the maximum height H max : 

0=y+2 [~g)H max 


or H =— 

2g 

Now, find the speed of the ball for ( y f - y,) =^H max : 


vf 


v 1 , =vf = 2 (- 


=^-29[^I^1=^-N=N 


which gives V f =-y= 


Then, p f =mv f = 


mV, 

—upward 
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P9.66 


P9.67 


(a) The system is isolated because the skater is on frictionless ice — if 
it were otherwise, she would be able to move. Initially, the 
horizontal momentum of the system is zero, and this quantity is 
conserved; so when she throws the gloves in one direction, she 
will move in the opposite direction because the total momentum 
will remain zero. The system has total mass M . After the skater 
throws the gloves, the mass of the gloves, m, is moving with 
velocity v gloves and the mass of the skater less the gloves, M - m, is 
moving with velocity v gM : 


Pi; +P 2; =Pif +Pif 
0 =IM-mlv ..+mv . —>v 

\ / girl gloves girl 



m ) 

lv 


V M -mj 

V gloves 


(b) 


The term M -mis the total mass less the mass of the gloves. 

As she throws the gloves and exerts a force on them, the gloves 
exert an equal and opposite force on her (Newton's third law) 
that causes her to accelerate from rest to reach the velocity v gjrl . 


In FAt =A(mv), one component gives 

A p y =m(v yf - v yi ) =m(vc os60.0°- vcos60.0°) =0 

So the wall does not exert a force on the ball in the y direction. The 
other component gives 

A p x =m[v xf -v xi )=m(-v sin 60.0°-\/sin 60.0°) 

=-2mv sin60.0° =-2(3.00 kg)(l0.0 m/s)sin60.0° 
=-52.0 kg-m/s 


P9.68 


So 


_ A Px ! . 
At At 


-52.0i kg ■ m/s _ 
0.200 s 


(a) In the same symbols as in the text's Example, the original kinetic 
energy is 



The example shows that the kinetic energy immediately after 
latching together is 


Kb 


!M1a ) 

2 l v m 1 +m 2 ) 
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*P9.69 


so the fraction of kinetic energy remaining as kinetic energy is 

K b /K a = | m-t/j/ri! +m 2 )| 

(b) Momentum is conserved in the collision so momentum after 
divided by momentum before is |l.00| . 


(c) 


Energy is an entirely different thing from momentum. A 
comparison: When a photographer's single-use flashbulb 
flashes, a magnesium filament oxidizes. Chemical energy 
disappears. (Internal energy appears and light carries some 
energy away.) The measured mass of the flashbulb is the 
same before and after. It can be the same in spite of the 100% 
energy conversion, because energy and mass are totally 
different things in classical physics. In the ballistic pendulum, 
conversion of energy from mechanical into internal does not 
upset conservation of mass or conservation of momentum. 


(a) 


Conservation of momentum for 
this totally inelastic collision 
gives 

m p Vi =(m p +m c )v f 

(60.0 kg)(4.00 m/s) 

=(120 kg +60.0 kg )v f 



ANS. FIG. P9.69 


v f = | 1.33i m/s~| 

(b) To obtain the force of friction, we first consider Newton's second 
law in the y direction, ^F y =0, which gives 

n- (60.0 kg)(9.80 m/s) =0 
or n = 588 N. The force of friction is then 
f k = avj = (0.400)(588 N) = 235 N 


l k = | —235i n| 

(c) The change in the person's momentum equals the impulse, or 

Pi +' =Pr 


mv , +Ft =mv f 
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*P9.70 


(60.0 kg)(4.00 m/s) - (235 N)t =(60.0 kg)(1.33 m/s) 
t = | 0.680 s | 


(d) The change in momentum of the person is 

mv f -mv i =(60.0 kg)(1.33-4.00)i m/s = |—160i N-s | 


The change in momentum of the cart is 
(120 kg)(l.33 m/s)-0 = | +160iN-s] 

(e) X f — Xj =|(t/,. +V f )t=^[[ 4.00 +1.33) m/s](0.680 s) = | 1.81m | 

(f) x f -x, =^(\z ; . +v f )t=^( 0 +1.33 m/s)(0.680 s) = | 0.454~^~1 

(g) hnv 2 - | mvf =^(60.0 kg)(1.33 m/s f 

-|(60.0 kg)(4.00 m/s f = | -427 J | 

(h) | mv 2 - | mv 2 =|(l20 kg)(1.33 m/s) 2 - 0 = | 107 J | 


(i) 


The force exerted by the person on the cart must be equal in 
magnitude and opposite in direction to the force exerted by 
the cart on the person. The changes in momentum of the two 
objects must be equal in magnitude and must add to zero. 
Their changes in kinetic energy are different in magnitude and 
do not add to zero. The following represent two ways of 
thinking about why. The distance moved by the cart is 
different from the distance moved by the point of application 
of the friction force to the cart. The total change in mechanical 
energy for both objects together, -320 J, becomes +320 J of 
additional internal energy in this perfectly inelastic collision. 


(a) Use conservation of the 
horizontal component of 
momentum for the system of 
the shell, the cannon, and the 
carriage, from just before to just 
after the cannon firing: 

Pxf = Pxi 



ANS. FIG. P9.70 
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P9.71 


m she u'/ S heuCos45.0°+m cannon \/ recoil =0 

(200 kg)(125 m/s)cos45.0° +(5 000 kg)\/ recoil =0 

or \z reco „ = | -3.54 m/s | 

(b) Use conservation of energy for the system of the cannon, the 
carriage, and the spring from right after the cannon is fired to the 
instant when the cannon comes to rest. 

K f -RV +Uj =K, +U gi +U 3 

0 +0 +ifoC» +0 +0 

y _ ImvLu _ 1(5 000 kg){-3.54 m/s) 2 _r T ^—i 
x 2.00 xio 1 N/m 

(c) |F s „|=foU 

|F S max |=( 2 .00xl0 4 N/m)(1.77 m) = | 3.54 xIO^n"! 

(d) | No. | The spring exerts a force on the system during the firing. 
The force represents an impulse, so the momentum of the system 
is not conserved in the horizontal direction. Consider the vertical 
direction. There are two vertical forces on the system: the normal 
force from the ground and the gravitational force. During the 
firing, the normal force is larger than the gravitational force. 
Therefore, there is a net impulse on the system in the upward 
direction. The impulse accounts for the initial vertical momentum 
component of the projectile. 

(a) Momentum of the bullet-block system is conserved in the 
collision, so you can relate the speed of the block and bullet right 
after the collision to the initial speed of the bullet. Then, you can 
use conservation of mechanical energy for the bullet-block-Earth 
system to relate the speed after the collision to the maximum 
height. 

(b) Momentum is conserved by the collision. Find the relation 
between the speed of the bullet 1/ just before impact and the 
speed of the bullet + block v just after impact: 

PiV +p 2 / =Pu +p 2 f +m 2 v 2i =m 1 v lf +m 2 v 2i 

my +M (o) =mv +M v =(m +M )v 


m 
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For the bullet-block-Earth system, total energy is conserved. Find 
the relation between the speed of the bullet-block v and the height 
h the block climbs to: 

K i MJ i =K f +U f 

j[m +M )v 2 +0 =(m +M )gh^v =^jl~gh 

Combining our results, we find 



P9.72 (a) Momentum of the bullet-block system is conserved in the 

collision, so you can relate the speed of the block and bullet right 
after the collision to the initial speed of the bullet. Then, you can 
use conservation of mechanical energy for the bullet-block-Earth 
system to relate the speed after the collision to the maximum 
height. 

(b) Momentum is conserved by the collision. Find the relation 
between the speed of the bullet v i just before impact and the 
speed of the bullet + block v just after impact: 

Pi; +p 2/ =pl f +Pzf^> m i V l i +™ 2 V 2i =m i v if +m 2 V 2 i 

mVi +M (o) =mv +M v =(m +M )v 
(m+M ) 

_> v. =1 - 

' m 

For the bullet-block-Earth system, total energy is conserved. Find 
the relation between the speed of the bullet-block v and the height 
h the block climbs to: 

K.MJ i =K f +U f 

^(m +M )v 2 +0 =(m +M )gh^v =^2gh 

Combining our results, we find 
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*P9.73 


P9.74 


Momentum conservation for the system of 
the two objects can be written as 

3/th/; -mi/, =mv lf +3 mv 2f 
The relative velocity equation then gives 
Vu - v 2i =-v x f +v 2 f 
or 

Vj - V; =-V lf +V 2f 

2v, =v u +3v lf 

Which gives 

0=4v 2f 

or V lf = | 2 Vj | and v 2f =[~0~|. 



Before 


v 2/ v v 

Q © 

After 

ANS. FIG. P9.73 


(a) 


The mass of the sleigh plus you is 270 kg. Your velocity is 
7.50 m/s in the X direction. You unbolt a 15.0-kg seat and 
throw it back at the ravening wolves, giving it a speed of 
8.00 m/s relative to you. Find the velocity of the sleigh 
afterward, and the velocity of the seat relative to the ground. 


(b) We substitute v lf = 8.00 m/s - v 2f : 

(270 kg) (7.50 m/s )=( 15.0 kg) (-8.00 m/s+v 2f ) +(255 kg) v 2 f 
2 025 kg• m/s =-120 kg• m/s +(270 kg)v 2f 


_2 145 m/s 
270 


=7.94 m/s 


v lf =8.00 m/s-7.94 m/s =0.055 6 m/s 


The final velocity of the seat is - 0.055 6i m/s. That of the 
sleigh is 7.94i m/s. 


(c) 


You transform potential energy stored in your body into kinetic 
energy of the system: 


A/C +AU bodv =0 
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P9.75 


AU body =\(™ kg)(7.50 m/s) 2 

-^(15.0kg)(0.0556 m/s) 2 

+|(255 kg)(7.94 m/s) 2 
AL/ body =7 594 J -[0.023 1J +8 047 j] 

At^body = | -453 J | 

(a) When the spring is fully compressed, each cart moves with same 
velocity V. Apply conservation of momentum for the system of 
two gliders 


Pi =p f : m 1 v 1 +m 2 v 2 =(m 1 +m 2 )v -> 

(b) Only conservative forces act; therefore, A E = 0. 

-my. +-m,vl =-(m, +m 2 )v 2 +-kx 2 

2 i i 2 i 2 2' i 21 2 m 

Substitute for v from (a) and solve for x m . 


_m 1 v 1 +m 2 v 2 
m 1 +m 2 


k(m x +m 2 


|[(m 1 +m 2 )my +(m 1 +m 2 )m 2 vl 
- (m 1 v 1 f - ( m 2 v 2 ) 2 - 2m 1 m 2 v 1 v 2 ] 


jm^lv 2 +v 2 -2v 1 v 2 ) 

{v '-y 

1 m/ ti 2 

] k(m 1 +m 2 ) 

k (/Dj +m 2 ) 


(c) m 1 v 1 + m 2 v 2 = lf + m 2 v 2f 

Conservation of momentum: m 1 ( v 1 - v 1 f ) =m 2 ( v 2 f - v 2 ) 

Conservation of energy: 


[1] 


1 2 ,1 2 1 2l l 2 

-my +-m 2 v 2 =-my f +-m 2 v 2f 


which simplifies to: 
Factoring gives 




m A V l- V u}\ V l +V lf}= m 2\ V 2f- V 2}-\ V 2f +V 2] 
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P9.76 


and with the use of the momentum equation (equation [1]), 
this reduces to v x +v x f =v 2 f +v 2 


or 


v u =v 2f +v 2 -v 1 


[ 2 ] 


Substituting equation [2] into equation [1] and simplifying yields 

_ 2m 1 v 1 +[m 2 -m 1 )v 2 

2f m x +m 2 

Upon substitution of this expression for into equation [2], one 
finds 

v _ [m 1 -m 2 )v 1 +2 m 2 v 2 

1 f m x +m 2 

Observe that these results are the same as two equations given in 
the chapter text for the situation of a perfectly elastic collision in 
one dimension. Whatever the details of how the spring behaves, 
this collision ends up being just such a perfectly elastic collision in 
one dimension. 

We hope the momentum of the equipment provides enough recoil so 
that the astronaut can reach the ship before he loses life support! But 
can he do it? 


Relative to the spacecraft, the astronaut has a momentum 
p = (150 kg)(20 m/s) = 3 000 kg • m/s away from the spacecraft. He 
must throw enough equipment away so that his momentum is reduced 
to at least zero relative to the spacecraft, so the equipment must have 
momentum of at least 3 000 kg • m/s relative to the spacecraft. If he 
throws the equipment at 5.00 m/s relative to himself in a direction 
away from the spacecraft, the velocity of the equipment will be 25.0 
m/s away from the spacecraft. How much mass travelling at 25.0 m/s 
is necessary to equate to a momentum of 3 000 kg • m/s? 

p =3 000 kg • m/s =m( 25.0 m/s) 


which gives 

m 


3 000 kg -m/s 
25.0 m/s 


=120 kg 


In order for his motion to reverse under these condition, the final mass 
of the astronaut and space suit is 30 kg, much less than is reasonable. 
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P9.77 


Use conservation of mechanical energy for a block-Earth system in 
which the block slides down a frictionless surface from a height h: 

[k +U J =[k +U g ) f +0 =0 +mgh^v =y[2gh 

Note this also applies in reverse, a mass travelling at speed v will climb 

to a height h on a frictionless surface: h = ~~- 

From above, we see that because each block starts from the same 
height h, each block has the same speed v when it meets the other 
block: 

V 1 =v 2 =v =^2(9.80 m/s 2 )(5.00 m) =9.90 m/s 
Apply conservation of momentum to the two-block system: 
m 1 v u +m 2 v 2f =m 1 v+m 2 (-v) 

m 1 v lf +m 2 v 2f =(m 1 -m 2 )v [1] 


For an elastic, head-on collision: 
K~v 2i =v lf -v 2f 
v-{- V )=v 2 f -v lf 
v 2f =v lf +2v 


Substituting equation [2] into [1] gives 

m 1 v lf +m 2 [v lf +2v) =(m 1 -m 2 )v 
[m x +m 2 )v lf =(m 1 -m 2 )v-2m 2 v 


( m 1 -3mA J 2.00 kg-3(4.00 kg) 
[ m 1 +m 2 j 2.00 kg +4.00 kg 


(9.90 m/s) 


=-16.5 m/s 


Using this result and equation [2], we have 


v 2f =v lf +2v=\ 


m 1 - 3 m 2 
m 1 +m 2 


( 3m 1 - m 2 [ 3(2.00 kg)-4.00 kg 

\ m 1 +m 2 j V 2.00 kg +4.00 kg 


(9.90 m/s) 


=3.30 m/s 


[ 2 ] 
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P9.78 


Using our result above, we find the height that each block rises to: 


f _(-16.5 m/s) 2 
2 g _ 2(9.80 m/s 2 ) 


=| 13.9 m | 


and 


\4f _ (3.30 m/s) 2 
Yg “ 2 ( 9.80 m/s 2 ) 


=| 0.556 m | 


(a) Proceeding step by step, we find the stone's speed just before 
collision, using energy conservation for the stone-Earth system: 

1 2 

m a gyi =-m a v 2 

which gives 

v, =^2gF =[2(9.80 m/s 2 )(1.80m)] 1/2 =5.94 m/s 

Now for the elastic collision with the stationary cannonball, we 
use the specialized Equation 9.22 from the chapter text, with 
= 80.0 kg and m 2 = m: 

_ 2m r v ti . _2(80.0 kg)(5.94 m/s) 

^cannonball V 2f ^ 80.0 kg +m 

_950 kg -m/s 
80.0 kg +m 

The time for the cannonball's fall into the ocean is given by 
Ay=v yi t+^af -36.0 =^(-9.80)^ t =2.71 s 


so its horizontal range is 


R 



950 kg- m/s ^ 
80.0 kg +m J 


2.58 xlO 3 kg -m 
80.0 kg +m 


(b) The maximum value for R occurs for m — > 0, and is 

R _ 2.58xl0 3 kg-m _ 2.58xl0 3 kg-m = . 2 , 

80.0 kg +m 80.0 kg +0 1 — 

(c) As indicated in part (b), the maximum range corresponds to 

. -fejM; 1 * 
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(d) 


Yes, until the cannonball splashes down. No; the kinetic energy of 
the system is split between the stone and the cannonball after the 
collision and we don't know how it is split without using the 
conservation of momentum principle. 


(e) The range is equal to the product of i/ carmonban , the speed of the 
cannonball after the collision, and t , the time at which the 
cannonball reaches the ocean. But '/ C£mnonbaU is proportional to l/ ( , the 
speed of the stone just before striking the cannonball, which is, in 
turn, proportional to the square root of g. The time t at which the 
cannonball strikes the ocean is inversely proportional to the 
square root of g. Therefore, the product R = ('/ cannonbaU )t is 
independent of g. At a location with weaker gravity, the stone 
would be moving more slowly before the collision, but the 
cannonball would follow the same trajectory, moving more 
slowly over a longer time interval. 

We will use the subscript 1 for the blue bead and the subscript 2 for the 
green bead. Conservation of mechanical energy for the blue bead-Earth 
system, + U , = K f + U f , can be written as 


1 

2 


mv\ 


+0 =0 +mgh 


where (/j is the speed of the blue bead at point B just before it collides 
with the green bead. Solving for V 1 gives 

v 1 =J2gh =^2(9.80 m/s 2 )(l.50 m) =5.42 m/s 
Now recall Equations 9.21 and 9.22 for an elastic collision: 


-1 

f 

M 

^ 2 m 2 ) 

1 

[ m 1 +m 2 J 

ym,+m 2 ) 


[ 2 m 2 ' 

M 



{ m 1 +m 2 j 

[ m 1 +m 2 J 


For this collision, the green bead is at rest, so V 2j = 0, and Equation 9.22 
simplifies to 
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P9.80 


Plugging in gives 



2(0.400 kg) ^ 

0.400 kg +0.600 kg J 


(5.42 m/s) =4.34 m/s 


Now, we use conservation of the mechanical energy of the green bead 
after collision to find the maximum height the ball will reach. This 
gives 

0 +m 2 g y max =^m 2 v 2f +0 


Solving for y max gives 


Ymax 


\4f _ (4.34 m/s) 2 
2g _ 2(9.80m/s 2 ) 


=| 0.960 m | 


(a) The initial momentum of the system 
is zero, which remains constant 
throughout the motion. Therefore, 
when m 1 leaves the wedge, we must 
have 

m 2 v wedge + m 1 v block = 0 

or 

(3.00 kg)v wedge 

+ (0.500 kg)(+4.00 m/s) = 0 
so ^ wedge = |-0-667 m/s| 



ANS. FIG. P9.80 


(b) Using conservation of energy for the block-wedge-Earth system 
as the block slides down the smooth (frictionless) wedge, we have 


or [0 +m 1 gh]+ 0 =^^(4.00 m/s) 2 +oJ +^m 2 (-0.667 m/s) 2 
which gives \h =0.952 mj 
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*P9.81 Using conservation of momentum 
from just before to just after the 
impact of the bullet with the block: 

my = (M + m)v f 


M +m 


[1] 


The speed of the block and 
embedded bullet just after impact 
may be found using kinematic 
equations: 

d = v f t and h gt 2 


ANS. FIG. P9.81 


Thus, 


. \2h d jg gcf 

t= — and v f =- =dj-^- =J— 
Vg f t \2h \ 2h 


Substituting into [1] from above gives 


f M +m3 

S-i 

f 250 g +8.00 g ^ 

1(9.80 m/s 2 )(2.00m) 2 


l 8.00 g / 

V 2(1.00 m) 


= [l~43 m/s | 

Refer to ANS. FIG. P9.81. Using conservation of momentum from just 
before to just after the impact of the bullet with the block: 

my = (M + m)v f 

f M +m^ 




[1] 


The speed of the block and embedded bullet just after impact may be 
found using kinematic equations: 


Thus, 


d = v f t and h=-gt 2 
2 y 


t =J— and V, =?=dU=M 
\j g ' t \2h V 2h 


Substituting into [1] from above gives y = 


fM +m3 gd 2 

{ m H~2h 
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P9.83 (a) From conservation of momentum. 

Pi/ +P 2/ =Pif +P +m 2 v 2 i =mj/ lf +m 2 v 2i 

(0.500 kg)(2.00i-3.00j +1.00k) m/s 

+(l.50 kg)(—l.OOi +2.00 j- 3.00k) m/s 

=(0.500 kg)(-l.OOi +3.00j-8.00k) m/s 
+(l.50 kg )v 2f 

v 2f = ---|r(-0.500i +1.50j-4.00k) kg-m/s 

^1.50 kg JL' ' 

+(o.500i-1.50j +4.00k) kg-m/sj 

=a 

The original kinetic energy is 

|(0.500kg)(2 2 +3 2 +1 2 ) m 2 /s 2 

+|(l.50kg)(l 2 +2 2 +3 2 )m 2 /s 2 =14.0 J 
The final kinetic energy is 

|(0.500kg)(l 2 +3 2 +8 2 ) m 2 /s 2 +0 =18.5 J 

different from the original energy so the collision is | inelastic | . 
(b) We follow the same steps as in part (a): 

(-0.500i +1.50j-4.00k) kg-m/s 

=(0.500 kg)(-0.250i +0.750j-2.00k) m/s 

+(l.50 kg)v 2f 

= (l5^)(“ 0 ' 5i+1 ' 5 *“ 4t ) kgin/S 

+(o.l25i- 0.375 j +lk)kg-m/s 

= (-0.250i +0.750j-2.00k)m/s 

We see v 2f =v 1 f so the collision is [perfectly inelastic| . 
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(c) Again, from conservation of momentum, 

(-0.500i +1.50 j- 4.00k) kg-m/s 

=(0.500 kg)(—li +3j +ak)m/s +(l.50 kg)v 2f 

v 2f =(---|(-0.500i +1.501 — 4.00k) kg-m/s 

^1.50 kg J' 

+(o.500i-1.50j-0.500ak) kg-m/s 
= | (-2.67-0.333a)k m/s | 

Then, from conservation of energy: 

14.0 J =|(0.500 kg)(l 2 +3 2 +3*) m 2 /s 2 

+|(l.50 kg) (2.67 +0.333a) 2 m 2 /s 2 
=2.50 J +0.2503* +5.33 J +1.333+0.08333 2 
This gives, suppressing units, a quadratic equation in a, 

0 =0.3333* +1.333-6.167 =0 
which solves to give 

_ -1.33 ± Vl-33 2 - 4(0.333)(-6.167) 
d ~ 0.667 

With 13 =2.741 , 

v 2f =(-2.67 - 0.333(2.74))k m/s = | -3.58k m/s] 

With | a =-6.74 1 , 

v 2 f =(-2.67 - 0.333(-6.74))k m/s = | -0.419k m/s| 

P9.84 Consider the motion of the firefighter during the three intervals: (1) 
before, (2) during, and (3) after collision with the platform. 

(a) While falling a height of 4.00 m, her speed changes from l/ ; = 0 to 
as found from 

AE=(K f +U f )-(K : .-U : .) 

K f =AE-U f +K j +U i 
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ANS FIG. P9.84 


When the initial position of the platform is taken as the zero level 
of gravitational potential, we have 

^mv 2 = /ftcos(l80°)-0 +0 +mgh 

Solving for l/, gives 




2(- fh +mgh) 


_ 1 2[-(300 N)(4.00 m) +(75.0 kg)(9.80 m/s 2 )(4.00 m)] 
75.0 kg 


= 6.81 m/s 


(b) During the inelastic collision, momentum of the firefighter- 
platform system is conserved; and if V 2 is the speed of the 
firefighter and platform just after collision, we have 
mv 1 = (m + M )v 2/ or 


v 2 


m 1 v 1 

m +M 


(75.0 kg)(6.81 m/s) 
75.0 kg+20.0 kg 


=5.38 m/s 


Following the collision and again solving for the work done by 
nonconservative forces, using the distances as labeled in the 
figure, we have (with the zero level of gravitational potential at 
the initial position of the platform) 

AE=K f +U fg -HJ fs -K i -U ig -U is 


or 


- fs =0 +(m +M )g(-s) +^ks 2 +M)v 2 - 0-0 
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This results in a quadratic equation in S: 
2 000s 2 - (931)s + 300s -1 375 = 0 


with solution S =1.00 m 


Each primate swings down according to 

mgR =^mvf and M gR =^M m\ -+ 

For the collision, 

-mv 1 +M t/j =+(m +M )v 2 

_M -m 
V * M +m Vl 

While the primates are swinging up, 

-(M +m)v; ={M +m)gR(l-cos35°) 


=j2gR 


v 2 =yj2 gR(l- cos 35.0 °) 

y]2gR (1 - cos35.0°)(M +m) =(M -m) y /2gR 


0.425M +0.425m =M -m 
1.42 5m =0.575M 


which gives 


F =0 ' 403 


(a) We can obtain the initial speed of the projectile by utilizing 
conservation of momentum: 

m 1 v 1A +0 =[m 1 +m 2 )v B 
Solving for V 1A gives 


m 1 +m 2 


ftgh 


m l 

V 1A = 1 6.29 m/s | 

(b) We begin with the kinematic equations in the X and y direction: 

x=x o +v J+\af 
y=y 0 +v yo t+^ayf 
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And simplify by plugging in x 0 = y 0 = 0, l/ y0 = 0, V x0 = V 1A , a x = 0, and 

a y = g : 

^gt 2 =yandx=v 1At 
Combining them gives 

v '* = jm =x {fy 


Substituting the numerical values from the problem statement 
gives 


> =x J# =(2 ' 57m) 


1 9.8° m/s 2 = rg36m/s| 
]] 2(0.853 m) 1 - 1 


(c) 


Most of the 2% difference between the values for speed could 
be accounted for by air resistance. 


vii' 

Ql- 


y 


X 

ANS. FIG. P9.86 

P9.87 The force exerted by the spring on each block is in magnitude. 

|F S ] =kx =(3.85 N/m)(0.08 m) =0.308 N 

(a) With no friction, the elastic energy in the spring becomes kinetic 
energy of the blocks, which have momenta of equal magnitude in 
opposite directions. The blocks move with constant speed after 
they leave the spring. From conservation of energy, 

[K+U) i =(K+U) f 

-kx 2 =-m,v 2 +-m 2 v 2 

2 2 2 2 2f 
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^(3.85 N/m)(0.080 0 m) 2 

=|(0.250 kg)v* f +|(0.500 kg)vj| f [1] 

And from conservation of linear momentum, 

/D-|V i; +m 2 v 2) =m 1 v lf +m 2 v 2f 


0 =(0.250 kg)v lf (-i) +(0.500 kg)v 2f i 
v lf =2v lf 


Substituting this into [1] gives 

0.012 3 J =i(0.250 kg)(2v 2 ,f +1(0.500 kg)l/f, 
=1(1.50 kg)^ f 


Solving, 


Jaoi23iY ,2 =0 
V 0.750 kg J 

v lf =2(0.128 m/s) =0.256 m/s 


v 2f =0.128i m/s 


v lf =-0.256i m/s 


(b) For the lighter block, 

ZF y =ma y , n- 0.250 kg (9.80 m/s 2 ) =0, n=2.45N, 


f k = p k n= 0.l(2.45 N) = 0.245 N. 

We assume that the maximum force of static friction is a similar 
size. Since 0.308 N is larger than 0.245 N, this block moves. For 
the heavier block, the normal force and the frictional force are 
twice as large: f k = 0.490 N. Since 0.308 N is less than this, the 
heavier block stands still. In this case, the frictional forces exerted 
by the floor change the momentum of the two-block system. The 
lighter block will gain speed as long as the spring force is larger 
than the friction force: that is until the spring compression 
becomes X f given by 

\F S \ =kx, 0.245 N = (3.85 N-m)x f , 0.063 6 m = x f 

Now for the energy of the lighter block as it moves to this 
maximum-speed point, we have 

K+U,~ f k d=K f +U f 
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P9.88 


0 +0.012 3 J - (0.245 N)(0.08 - 0.063 6 m) 

=^-(0.250 kg )\f f +^-(3.85 N/m)(0.063 6 m) 2 


0.012 3 J - 0.004 01J =-(0.250 kg)\4 +0.007 80 J 


2(0.000 515 J) V ;2 =i/ =| 
0.250 kg J 


V f =0.064 2 m/s 


Thus for the heavier block the maximum velocity is [o] and for 
the lighter block, | -0.064 2i m/s | - 


(c) For the lighter block, f k = 0.462(2.45 N) = 1.13 N. The force of static 
friction must be at least as large. The 0.308-N spring force is too 
small to produce motion of either block. Each has [o] maximum 
speed. 


The orbital speed of the Earth is 


*4 


2nr _27r(l.496xlO n m) 
~T 3.156xl|^ s 


=2.98 xlO 4 m/s 


In six months the Earth reverses its direction, to undergo momentum 
change 

m E |Av E | =2 m E v E =2(5.98xl0 24 kg)(2.98xl0 4 m/s) 

=3.56xlO 29 kg-m/s 

Relative to the center of mass, the Sun always has momentum of the 
same magnitude in the opposite direction. Its 6-month momentum 
change is the same size, m s |Av s | =3.56 x 10 29 kg • m/s 


Then 


|Av s | 


_ 3.56 x 10 29 kg • m/s _| 
1.991 xlO 30 kg 


|0.179 m/s| 


s qr ,6 

ANS. FIG. P9.88 
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(a) We find the speed when the 
bullet emerges from the block 
by using momentum 
conservation: 

mv : = M IT + mv 

The block moves a distance of 
5.00 cm. Assume for an 
approximation that the block 
quickly reaches its maximum 
velocity, V jf and the bullet 
kept going with a constant 
velocity, V. The block then 


h 


ANS. FIG. P9.89 


'(900 N/m)(5.00xl0~ 2 m) 
1.00 kg 

mV: - M V, 


=1.50 m/s 


compresses the spring and stops. After the collision, the 
mechanical energy is conserved in the block-spring system: 

— MV 2 =—kx 2 

2 1 2 


(5.00xhT 3 kg)(400 m/s)-(1.00 kg)(1.50 m/s) 


5.00 xl0“ 3 kg 


v = | 100 m/s~| 


(b) Identifying the system as the block and the bullet and the time 
interval from just before the collision to just after the collision, 
A K + A5 int =0 gives 


A =-A K 




f -MV, 2 --mvf 
2 2 , 


Then 


: = -^(0.005 00 kg)(100 m/s) 2 


+ ^(1.00 kg)(1.50 m/s) 2 
- j (0.005 00 kg)(400 m/s) 2 
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P9.90 


(a) We have, from the impulse-momentum theorem, p, +F t =p f : 
(3.00 kg)(7.00 m/s)j +(l2.0i n)(5.00 s ) =(3.00 kg)v f 


v f = 20.0i 


i +7.00 j) m/s 


(b) The particle's acceleration is 

v f -v ( . (20.0i+7.00j-7.00j) m/s 
3 t 5.00 s 

(c) From Newton's second law, 

- _IF _12.0i N _r-x--—i 

a ~3^5kj~H 4 - ooim/s I 

(d) The vector displacement of the particle is 

Af =v,t+—at 2 

' 2 


= 4.00i m/s 2 


=(7.00 m/s j)(5.00 s) +-(4.00 m/s 2 i)(5.00 s) 2 


Af = (50.Oi +35.0j) m 


(e) Now, from the work-kinetic energy theorem, the work done on 
the particle is 

1/1/ =F Af =(l2.0i N)(50.0i m +35.0j m) = | 600 J | 

(f) The final kinetic energy of the particle is 

^mv 2 f =^(3.00 kg)(20.0i +7.00j) (20.0i +7.00j) m 2 /s 2 

^mv 2 f =(1.50 kg)(449 m 2 /s 2 )= [674T] 

(g) The final kinetic energy of the particle is 


1 , 


-/71 v 2 +W =-(3.00 kg)(7.00 m/s) 2 +600 J = [ 674 J | 


(h) 


The accelerations computed in different ways agree. The 
kinetic energies computed in different ways agree. The three 
theories are consistent. 
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P9.91 


We note that the initial velocity of the target particle is zero (that is, 

V 2j =0). Then, from conservation of momentum, 

m 1 v u +m 2 v 2f =m 1 v v +0 [1] 

For head-on elastic collisions, V u - V 2i =(v lf - V 2f ), and with V 2j =0, 
this gives 

V 2f =V li +V 1 f [2] 

Substituting equation [2] into [1] yields 

m i v if +m 2 (' / 1 ; +v rf) =m ^v lj 


(nij +m 2 )v lf 
which gives 

f m,-mA 

v lf = \ m . m K 

m 1 +m 2 J 

Now, we substitute equation [3] into [2] to obtain 

fm.-m,') f 2m 1 ) 

% =v v -H 1 m K- = - 1 k, 
ym 1 +m 2 J ym 1 +m 2 J 

Equations [3] and [4] can now be used to answer both parts (a) and (b). 

(a) If m 1 =2.00 g,m 2 =1.00 g, and v 1( =8.00 m/s, then 

2.00 g-1.00 g "|| m /s) =|2.67 m/s| 

lf [ m 1 +m 2 J 11 [2.00 g+1.00 g J ' 1 - 


[3] 


[4] 


= (+f++l] Vl ' : 


2(2.00 g) 


(8.00 m/s) = | 10.7 m/s] 


[2.00 g+1.00 g 

(b) If m 1 =2.00 g ,m 2 =10.0 g, and v 1( =8.00 m/s, we find 

= ( m i - m i ) v J ^OOgzlMg l(8.oo m/s)=|5.33 m/s| 

u {m 1 +m 2 J 11 [2.00 g+10.0 gj 1 - 1 

^ = [ 2(2.00 g) j| m/s) =|2.67 m/s| 

+ m 2 j v L 2 - 00 g +10 -° sJ - 1 
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(c) The final kinetic energy of the 2.00-g particle in each case is: 

Case (a): 

KE lf =^my if =^(2.00xl(T 3 kg)(2.67 m/s f =7.11 xlO' 3 j] 
Case (b): 

KE lf =^my if =^(2.00xl0“ 3 kg)(5.33 m/s) 2 = |2.84x10 2 j] 

Since the incident kinetic energy is the same in cases (a) and (b), 
we observe that 

the incident particle loses more kinetic energy in case (a), 
in which the target mass is 1.00 g. 


Challenge Problems 

P9.92 Take the origin at the center of curvature. 

1 2 L 

We have L =—2 nr, r =—. An incremental 
4 K 

bit of the rod at angle 6 from the x axis has 

dm m , mr 

mass given by —— =—, dm =— du, where 
& 3 rdd L L 

we have used the definition of radian 
measure. Now 



^ ^ l<k > M r r 2 

y cM=^r J y dm= TT J r smO—de=— j sine do 

' ' allmass 0=15° L L 45° 

/ 2L V 1 rt J 135 ° 4L( 1 1 4y/2L 

"It) L ( ~ COSe) l. 

2 L 

The top of the bar is above the origin by r = —, so the center of mass 

K 

is below the middle of the bar by 


2 L 4j2L _2( 1 _2j2 




.063 5 L 


The X component of momentum for the system of the two objects is 

Plix + Plix = Plfx + Plfx 
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-mi/, + 3 mv,. = 0 + 3m i/^ 

The y component of momentum of the system is 
0 + 0 = -mv ly + 3 mv 2y 
By conservation of energy of the system, 

4mi/f +hmv 2 =imi/, 2 y +hm(v 2 2I +r 2 J 

u 2V i 

we have i/„ =— 

3 

also \/ ly = 3v 2y 

So the energy equation becomes 

v'2v 

OT 

(a) The object of mass m has final speed 


v; =3 \a 


and the object of mass 3m moves at 




4l/f 2 if 
— +— L 
9 9 


H* w » = jh 

(b) 0=tan- 1 f^l 


. + Jy/lV, 3 

6 =tan I-- — 
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P9.94 


P9.95 


A picture one second later differs by showing five extra kilograms of 
sand moving on the belt. 

(a) 4P = d(mv) =]/ dm =(QJ5Q m/s)(5 00 kg/s) = | 3 . 75 N | 

at at at 

(b) The only horizontal force on the sand is belt friction, which causes 

the momentum of the sand to change: F =— =13.75 N as above. 

dt ' - 1 

(c) The belt is in equilibrium: 

J J F x =ma x : +F ext - f =0 and F„ vt = 3.75N| 

(d) 1/1/ =FArcosd =(3.75 N)(0.750 m)cos0° = |2.81j| 


(e) -tt =■ 


dt 


= b 2 ^ = ^ 0 - 750 m/s ) 2 ( 5 - 00 kg/s ) = l L 4 i J/ s l 


(f) 


One-half of the work input becomes kinetic energy of the 
moving sand and the other half becomes additional internal 
energy. The internal energy appears when the sand does not 
elastically bounce under the hopper, but has friction eliminate 
its horizontal motion relative to the belt. By contrast, all of the 
impulse input becomes momentum of the moving sand. 


Depending on the length of the cord and the time interval At for which 
the force is applied, the sphere may have moved very little when the 
force is removed, or we may have x, and x 2 nearly equal, or the sphere 
may have swung back, or it may have swung back and forth several 
times. Our solution applies equally to all of these cases. 

(a) The applied force is constant, so the center of mass of the glider- 
sphere system moves with constant acceleration. It starts, we 
define, from x = 0 and moves to (x 1 + x 2 )/2. Let v 1 and v 2 represent 
the horizontal components of velocity of glider and sphere at the 
moment the force stops. Then the velocity of the center of mass is 
v CM = (\z x + v 2 )/2, and because the acceleration is constant we have 

which gives 
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The impulse-momentum theorem for the glider-sphere system is 
FAt =mv 1 +mv 2 
or 

2 F(x 1 +x 2 )=m[v 1 +v 2 f 

Dividing both sides by 4m and rearranging gives 

2 F(x 1 +x 2 ) _m(v 1 +v 2 f 

4 m 4 m 

F(x, +x 2 ) Jv, +vj _ 

2 m " 4 CM 


or 


J 

I 2m 


(b) The applied force does work that becomes, after the force is 
removed, kinetic energy of the constant-velocity center-of-mass 
motion plus kinetic energy of the vibration of the glider and 
sphere relative to their center of mass. The applied force acts only 
on the glider, so the work-energy theorem for the pushing 
process is 

Fx, =|(2m)^ M +E vib 


Substitution gives 

Fx x =-(2m)[ F ( Xl+X ^ j +E vib =-Fx l +-Fx 2 +E, 

1 2 [ 2m J 2 2 


Then, 


C 1 r- l c 

^vib = 2 ^ x i ~ 2 Fx 2 


When the cord makes its largest angle with the vertical, the 
vibrational motion is turning around. No kinetic energy is 
associated with the vibration at this moment, but only 
gravitational energy: 

mgL (l -cos d)=F(x 1 -x 2 )/2 
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P9.96 


Solving gives 

|fl =cos~ 1 [l- F [x 1 -x 2 )/2mgL]\ 

The force exerted by the table is equal to the change in momentum of 
each of the links in the chain. By the calculus chain rule of derivatives, 

d[mv) 


F =— =- 

' dt 


dm dv 
■v — +m— 
dt dt dt 


We choose to account for the change in momentum of each link by 
having it pass from our area of interest just before it hits the table, so 
that 


dm n , dv 
v —*0 and m — = 
dt dt 


=0 



Since the mass per unit length is uniform, we can 
express each link of length dx as having a mass dm: 

M 

dm =—dx 

The magnitude of the force on the falling chain is the force that will be 
necessary to stop each of the elements dm. 


ANS. FIG. P9.96 


_ dm _ I 

'M 

)dx 

/wY 

V dt V { 


) dt 

Ur 


After falling a distance X, the square of the velocity of each link V 2 = 2 gx 
(from kinematics), hence 

2 Mgx 


The links already on the table have a total length x, and their weight is 
supported by a force F 2 : 


_Mgx 

2 ~~L~ 

Hence, the total force on the chain is 


3 Mgx 
L 


That is, the total force is three times the weight of the chain on the table at 
that instant. 
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lNSWERS to even-numbered problems 


P9.2 1.14 kg; 22.0 m/s 

P9.4 (a) p x =9.00 kg • m/s, p y =-12.0 kg • m/s; (b) 15.0 kg • m/s 

P9.6 (a) l/ p . =-0.346 m/s; (b) V gj =1.15 m/s 

P9.8 (a) 4.71 m/s East; (b) 717 J 

P9.10 10~ 23 m/s 

P9.12 (a) 3.22 x 10 3 N, 720 lb; (b) not valid; (c) These devices are essential for 

the safety of small children. 

P9.14 (a) Ap =3.38 kg • m/s j; (b) F =7 x 10 2 Nj 

P9.16 (a) (9.05i +6.12 j) N s; (b) (377i +255 j) N 

P9.18 (a) 3.60i N-s away from the racket; (b) -36.0 J 

P9.20 (a) 981 N • s, up; (b) 3.43 m/s, down; (c) 3.83 m/s, up; (d) 0.748 m 

P9.22 (a) 20.9 m/s East; (b) -8.68 x 103 J; (c) Most of the energy was 

transformed to internal energy with some being carried away by 
sound. 

P9.24 (a) V f =^(v, +lv 2 )- (b) A K =-™(\/ 2 +\f\-2v i V 2 ) 

P9.26 (a) 2.50 m/s; (b) 37.5 kj; (c) The event considered in this problem is the 

time reversal of the perfectly inelastic collision in Problem 9.25. The 
same momentum conservation equation describes both processes. 

P9.28 7.94 cm 

4 M i — 

P9.30 V =- Jg£ 

m v 

(m +M ) f - 

P9.32 v r =- - -J2pgd 

m 

P9.34 (a) 2.24 m/s toward the right; (b) No. Coupling order makes no 

difference to the final velocity. 

P9.36 The driver of the northbound car was untruthful. His original speed 
was more than 35 mi/h. 

P9.38 V Q =3.99 m/s and V Y =3.01 m/s 
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P9.40 V=^)=, 45.0°,-45.0° 

V2 

P9.42 The opponent grabs the fullback and does not let go, so the two 

players move together at the end of their interaction; (b) 0 = 32.3°, 2.88 
m/s; (c) 786 J into internal energy 

P9.44 V B = 5.89 m/s; V G = 7.07 m/s 
P9.46 4.67 xlO 6 m from the Earth's center 

P9.48 11.7 cm; 13.3 cm 

P9.50 The center of mass of the molecule lies on the dotted line shown in 

ANS. FIG. P9.50,0.006 73 nm below the center of the O atom. 

P9.52 (a) See ANS. FIG. P8.42; (b) (-2.00i-l.00j) m; (c) (3.00i — l.OOj) m/s; 

(d) (l5.0i — 5.00j) kg -m/s 

P9.54 (a) |-2.89i -1.39j)cm; (b) (-44.5i +12.5j)g • cm/s; 

(c) (-4.94i +1.39j)cm/s; (d) (-2.44i +1.56j)cm/s 2 ; 

(e) (-220i + 140j)/xN 

P9.56 (a) Yes. 18.0i kg • m/s; (b) No. The friction force exerted by the floor 

on each stationary bit of caterpillar tread acts over no distance, so it 
does zero work; (c) Yes, we could say that the final momentum of the 
card came from the floor or from the Earth through the floor; (d) No. 
The kinetic energy came from the original gravitational potential 
energy of the Earth-elevated load system, in the amount 27.0 J; (e) Yes. 
The acceleration is caused by the static friction force exerted by the 
floor that prevents the wheels from slipping backward. 

P9.58 (a) yes; (b) no; (c) 103 kg-m/s, up; (d) yes; (e) 88.2 J; (f) no, the energy 

came from chemical energy in the person's leg muscles 

P9.60 (a) 787 m/s; (b) 138 m/s 

P9.62 (a) 3.90 x 10 7 N; (b) 3.20 m/s 2 

P9.64 (a) - v e ln^l - j; (b) See ANS. FIG. P9.64(b); (c) ; (d) See ANS. 

FIG. P9.64(d); (e) v e (T p - t)ln 1 - ^ +v e t; (f) See ANS. FIG. P9.64(f) 
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P9.66 (a) - ——— v , ; (b) As she throws the gloves and exerts a force on 

{M -m) gloves 6 

them, the gloves exert an equal and opposite force on her that causes 
her to accelerate from rest to reach the velocity . 

P9.68 (a) K e /K a =m 1 /(m 1 +m 2 ); (b) 1.00; (c) See P9.68(c) for argument. 

P9.70 (a) -3.54 m/s; (b) 1.77 m; (c) 3.54 x 10 4 N; (d) No 

m +M i - 

P9.72 (a) See P9.72(a) for description; (b) V. = -J2g/l 

m 

P9.74 (a) See P9.74 for complete statement; (b) The final velocity of the seat is 

-0.055 6 i m/s. That of the sleigh is 7.94 i m/s; (c) -453 J 

P9.76 In order for his motion to reverse under these conditions, the final 
mass of the astronaut and space suit is 30 kg, much less than is 
reasonable. 

P9.78 (a) 2.58 x 10 3 kg • m/(80 kg +m); (b) 32.2 m; (c) m -» 0; (d) See P9.78(d) 

for complete answer; (e) See P9.78(e) for complete answer. 

P9.80 (a) -0.667 m/s; (b) h = 0.952 m 

P9.84 (a) 6.81 m/s; (b) S = 1.00 m 

P9.86 (a) 6.29 m/s; (b) 6.16 m/s; (c) Most of the 2% difference between the 

values for speed could be accounted for by air resistance. 

P9.88 0.179 m/s 

P9.90 (a) (20.Oi +7.00j) m/s; (b) 4.00i m/s 2 ; (c) 4.00i m/s 2 ; 

(d) (50.Oi +35.Oj) m; (e) 600 J; (f) 674 J; (g) 674 J; (h) The accelerations 
computed in different ways agree. The kinetic energies computed in 
different ways agree. The three theories are consistent. 

P9.92 0.063 5L 

P9.94 (a) 3.75 N; (b) 3.75 N; (c) 3.75 N; (d) 2.81 J; (e) 1.41 J/s; (f) One-half of 

the work input becomes kinetic energy of the moving sand and the 
other half becomes additional internal energy. The internal energy 
appears when the sand does not elastically bounce under the hopper, 
but has friction eliminate its horizontal motion relative to the belt. By 
contrast, all of the impulse input becomes momentum of the moving 
sand. 

P9.96 M2 

L 
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Rotation of a Rigid Object 
About a Fixed Axis 


CHAPTER OUTLINE 


10.1 Angular Position, Velocity, and Acceleration 

10.2 Analysis Model: Rigid Object Under Constant Angular Acceleration 

10.3 Angular and Translational Quantities 

10.4 Torque 

10.5 Analysis Model: Rigid Object Under a Net Torque 

10.6 Calculation of Moments of Inertia 

10.7 Rotational Kinetic Energy 

10.8 Energy Considerations in Rotational Motion 

10.9 Rolling Motion of a Rigid Object 

| * An asterisk indicates a question or problem new to this edition.| 


lNSWERS to objective questions 


OQ10.1 Answer (c). The wheel has a radius of 0.500 m and made 320 
revolutions. The distance traveled is 

s =rd =(0.500 m)(320 rev)( | =1.00 xlO 3 m = 1.00 km 

^ 1 rev ) 

OQ10.2 Answer (b). Any object moving in a circular path undergoes a 

constant change in the direction of its velocity. This change in the 
direction of velocity is an acceleration, always directed toward the 
center of the path, called the centripetal acceleration, a c = v 2 /r = rco 2 . 
The tangential speed of the object is v t =rco, where co is the angular 
velocity. If co is not constant, the object will have both an angular 
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acceleration, a avg =Aco / At, and a tangential acceleration, 3 . —ra. 

The only untrue statement among the listed choices is (b). Even when 
a is constant, the object still has centripetal acceleration. 

OQ10.3 Answer: b = e>a = d>c = 0. The tangential acceleration has 

magnitude (3/s 2 )r, where r is the radius. It is constant in time. The 
radial acceleration has magnitude co 2 r, so it is (4/s 2 )r at the first and 
last moments mentioned and it is zero at the moment the wheel 
reverses. 

OQ10.4 Answer (d). The angular displacement will be 
( 0) f +0), ^ 

A 0 =<», vg At=^^-AjAt 

=( 1200 rad/s+4.00rad /8 j (4 Q0 g) ^ rad 

OQ10.5 (i) Answer (d). The speedometer measures the number of revolutions 

per second of the tires. A larger tire will rotate fewer times to 
cover the same distance. The speedometer reading is assumed 
proportional to the rotation rate of the tires, co = v/R , for a 
standard tire radius R , but the actual reading is co = v/(1.3)R , or 
1.3 times smaller. Example: When the car travels at 13 km/h, the 
speedometer reads 10 km/h. 

(ii) Answer (d). If the driver uses the odometer reading to calculate 
fuel economy, this reading is a factor of 1.3 too small because 
the odometer assumes 1 rev = 2tiR for a standard tire radius R , 
whereas the actual distance traveled is 1.3(2nR ), so the fuel 
economy in miles per gallon will appear to be lower by a factor 
of 1.3. Example: If the car travels 13 km, the odometer will read 
10 km. If the car actually makes 13 km/gal, the calculation will 
give 10 km/gal. 

OQ10.6 (i) Answer (a). Smallest / is about the X axis, along which the larger- 

mass balls lie. 

(ii) Answer (c). The balls all lie at a distance from the Z axis, which is 
perpendicular to both the x and y axes and passes through the 
origin. 

OQ10.7 Answer (a). The accelerations are not equal, but greater in case (a). 

The string tension above the 50-N object is less than its weight while 
the object is accelerating downward because it does not fall with the 
acceleration of gravity. 

OQ10.8 Answers (a), (b), (e). The object must rotate with a nonzero and 
constant angular acceleration. Its moment of inertia would not 
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change unless there were a rearrangement of mass within the object. 

OQ10.9 (i) Answer (a). The basketball has rotational as well as translational 

kinetic energy. 

(ii) Answer (c). The motions of their centers of mass are identical. 


OQIO.IO 


OQ10.11 


(iii) Answer (a). The basketball-Earth system has more kinetic energy 
than the ice-Earth system due to the rotational kinetic energy of 
the basketball. Therefore, when the kinetic energy of both 
systems has transformed to gravitational potential energy when 
the objects momentarily come to rest at their highest point on 
the ramp, the basketball will be at a higher location, 
corresponding to the larger gravitational potential energy. 

(i) Answer (c). The airplane momentarily has zero torque acting on it. 

It was speeding up in its angular rotation before this instant of 
time and begins slowing down just after this instant. 

(ii) Answer (b). Although the angular speed is zero at this instant, 

there is still an angular acceleration because the wound-up 
string applies a torque to the airplane. This is similar to a ball 
thrown upward, which we studied earlier: at the top of its 
flight, it momentarily comes to rest, but is still accelerating 
because the gravitational force is acting on it. 


Answer (e). The sphere of twice the radius has eight times the 

2 

volume and eight times the mass, and the r 2 term in / =—mr 2 also 
becomes four times larger. 


lNSWERS to conceptual questions 


CQ10.1 Yes. For any object on which a net force acts but no net torque, the 
translational kinetic energy will change but the rotational kinetic 
energy will not. For example, if you drop an object, it will gain 
translational kinetic energy due to work done on the object by the 
gravitational force. Any rotational kinetic energy the object has is 
unaffected by dropping it. 

CQ10.2 No, just as an object need not be moving to have mass. 

CQ10.3 If the object is free to rotate about any axis, the object will start to 
rotate if the two forces act along different lines of action. Then the 
torques of the forces will not be equal in magnitude and opposite in 
direction. 

CQ10.4 Attach an object, of known mass m, to the cord. You could measure 
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the time that it takes the object to fall a measured distance after being 
released from rest. Using this information, the linear acceleration of 
the mass can be calculated, and then the torque on the rotating object 
and its angular acceleration. It is assumed the mass of the cord has 
negligible effect on the motion as the cord unwinds. 

CQ10.5 We have from Example 10.6 the means to calculate a and a. You 
could use co =at and v = at. 

CQ10.6 The moment of inertia depends on the distribution of mass with 
respect to a given axis. If the axis is changed, then each bit of mass 
that makes up the object is at a different distance from the axis than 
before. Compare the moments of inertia of a uniform rigid rod about 
axes perpendicular to the rod, first passing through its center of 
mass, then passing through an end. For example, if you wiggle 
repeatedly a meterstick back and forth about an axis passing through 
its center of mass, you will find it does not take much effort to 
reverse the direction of rotation. However, if you move the axis to an 
end, you will find it more difficult to wiggle the stick back and forth. 
The moment of inertia about the end is much larger, because much of 
the mass of the stick is farther from the axis. 


CQ10.11 

CQ10.12 


No, only if its angular velocity changes. 

Adding a small sphere of mass m to the end will increase the moment 
of inertia of the system from (1/3 )M L 2 to (1/3 )M L 2 + mi 2 , and the 
initial potential energy would be (1/2)M gL + mgL. Following 
Example 10.11, the final angular speed co would be 


If m =M , co = 


l3g IM +2 m 

'TVM~+3m 

[3g IM +2 m 
V L \ M +3m 


■ [M fit L = IM 

\ L V4M \4 L 


Therefore, co would increase. 

CQ10.13 (a) The sphere would reach the bottom first, (b) The hollow cylinder 

would reach the bottom last. First imagine that each object has the 
same mass and the same radius. Then they all have the same torque 
due to gravity acting on them. The one with the smallest moment of 
inertia will thus have the largest angular acceleration and reach the 
bottom of the plane first. Equation 10.52 describes the speed of an 
object rolling down an inclined plane. In the denominator, / CM will be 
a numerical factor (e.g., 2/5 for the sphere) multiplied by MR 2 . 
Therefore, the mass and radius will cancel in the equation and the 
center-of-mass speed will be independent of mass and radius. 
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CQ10.14 (a) Sewer pipe: / CM = M R 2 . (b) Embroidery hoop: / CM = M R 2 . (c) Door: 

/ =^MR 2 . (d) Coin: / CM MR 2 . The distribution of mass along 

lines parallel to the axis makes no difference to the moment of 
inertia. 

CQ10.15 (a) The tricycle rolls forward, (b) The tricycle rolls forward, (c) The 

tricycle rolls backward, (d) The tricycle does not roll, but may skid 
forward, (e) The tricycle rolls backward, (f) To answer these 
questions, think about the torque of the string tension about an axis 
at the bottom of the wheel, where the rubber meets the road. This is 
the instantaneous axis of rotation in rolling. Cords A and B produce 
clockwise torques about this axis. Cords C and E produce 
counterclockwise torques. Cord D has zero lever arm. 

CQ10.16 As one finger slides towards the center, the normal force exerted by 
the sliding finger on the ruler increases. At some point, this normal 
force will increase enough so that static friction between the sliding 
finger and the ruler will stop their relative motion. At this moment 
the other finger starts sliding along the ruler towards the center. This 
process repeats until the fingers meet at the center of the ruler. 

Next step: Try a rod with a nonuniform mass distribution. 

Next step: Wear a piece of sandpaper as a ring on one finger to 
change its coefficient of friction. 


OLUTIONS TO END-OF-CHAPTER PROBLEMS 


Section 10.1 Angular Position, Velocity, and Acceleration 
P10.1 (a) The Earth rotates 2 ;r radians (360°) on its axis in 1 day. Thus, 

A 6 2k rad f 1 $*f j L„ 1fr5 I 


= 7.27 x 1CP rad/s 


"At 1 $aef [8.64xl0 4 s 


(b) Because of its angular speed, | the Earth bulges at the equator | . 

„„„„ , . A co 1.00 rev/s-0 rfe^Y27rrad^ 

' At 30.0 s [ s 2 ){ 1 re^ J 

= | 0.209 rad/s 2 1 

(b) | Yes. | When an object starts from rest, its angular speed is related 
to the angular acceleration and time by the equation co =a[At). 


lights 




Chapter 10 521 


Thus, the angular speed is directly proportional to both the 
angular acceleration and the time interval. If the time interval is 
held constant, doubling the angular acceleration will double the 
angular speed attained during the interval. 


P10.3 (a) 0| =15.00 rad I 


=10.0 +4.00 tL =10.0 rad/s 


= ' ~dt L = i 4QQrad/s i 

( b ) °\t =3 00 s = 5 - 00 + 30 - 0 + 18 - 0 =l 53 - 0rad l 


=— =10.0 +4.00 fl 

dr , _ nn 


P10.4 a =— =10 +6t -> dco =[[(10 +6t)dt co-0=10t+-f 


=^-=10t+3f { 9 d9 = [\l0t+3?)dt 

dt Jo Jo V 


e _ 0= l°f +3 f 
2 3 


0 =5f +e. At t =4.00 s, 0 =5(4.00 s) 2 +( 4.00 s) 3 =1144 r 


Section 10.2 Analysis Model: Rigid Object Under 
Constant Angular Acceleration 

P10.5 (a) We start with co f —oj j +at and solve for the angular acceleration 


co - cOi 12.0 rad/s r———jTTl 

t 3.00 s 1 - 1 

(b) The angular position of a rigid object under constant angular 
acceleration is given by Equation 10.7: 


6 =£ 0,1 
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P10.6 cOj =3 600 rev/min =3.77 x 10 2 rad/s 
0 =50.0 rev =3.14 x 10 2 rad and co f =0 
co 2 =q of +2 ad 


0 =(3.77 xlO 2 rad/sf +2a(3.14xl0 2 rad) 
a = |-2.26x 10 2 rad/s 2 1 

P10.7 We are given a =- 2.00 rad/s 2 / co f =0, and 


_ 100 rev 

1 min V 

1.00 min v 

60.0 s J v : 

) f — cOj =at, we have 

(o f - (Oj 0 

— (iott /: 

a 

- 2.00 


2n rad ^ 10k , . 

- =-rad/s 

1.00 rev 3 


P10.8 


(b) Since the motion occurs with constant angular acceleration, we 
write 



(a) From co 2 f =(o 2 +2a[A6), the angular displacement is 


a 2 - co 2 _(2.2 rad/s) 2 - (0.06 rad/s) 2 
2a 2(0.70 rad/s 2 ) 


=|3.5 rad] 


(b) From the equation given above for Ad, observe that when the 
angular acceleration is constant, the displacement is proportional 
to the difference in the squdres of the final and initial angular 
speeds. Thus, the angular displacement would 
| increase by a factor of 41 if both of these speeds were doubled. 


*P10.9 We are given co f =2.51 x 10 4 rev/min =2.63 x 10 3 rad/s 


(o f -a), 2.63xlO 3 rad/s-0 — 177 —, . ,1 

(a) a =—-- =---= |8.21xl0 rad/s 2 1 


(b) Q f =o | .t+iat 2 =0 +^-(8.21 xlO 2 rad/s 2 )(3.20 s) 2 = |4.21xl0 3 r^d] 
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P10.10 According to the definition of average angular speed (Eq. 10.2), the 

disk's average angular speed is 50.0 rad/10.0 s = 5.00 rad/s. According 
to the average angular speed expressed as ( co , +co f ) / 2 in the model of 
a rigid object under constant angular acceleration, the average angular 
speed of the disk is (0 + 8.00 rad/s)/2 = 4.00 rad/s. Because these two 
numbers do not match, the angular acceleration of the disk cannot be 
constant. 


P10.ll 0 f - Of =co.t +-^ocf and co f =co i +at are two equations in two 
unknowns, ft), and a. 

(Of =co f -at: 0 f -Of =[co f -at)t+^af =cot-^af 

(37.0 rev)^ 2 ^ ra< ^ j =(98.0 rad/s)(3.00 s)- ^a(3.00 s f 

232 rad =294 rad - (4.50 s 2 )a: a = 615 =113.7 rad/s 2 1 

1 ' 4.50 s 2 1 -— J 

P10.12 ft) = 5.00 rev/s = 10.0;r rad/s. We will break the motion into two 

stages: (1) a period during which the tub speeds up and (2) a period 
during which it slows down. 

While speeding up, 6 1 =(dt = 0+10.On rac ^/ s (8.00 s) =40.077 rad. 

While slowing down, 0 2 =cdt = ^^-Q ;r r ^d/s + 0 ^2.o s ) =60.077 rad. 

So, 0 total -0 t +0 2 =100tt: rad = | 50.0 rev~| . 

*P10.13 We use 0 f - 0. =ft).t +-at 2 and ft) f =co t +at to obtain 
f 1 1 2 f 1 


ft), =co f -at and Of-0, =(co f -at}t+-af =co f t--af 


Solving for the final angular speed gives 
_0 f -0 ;1 62.4 rad 1 


- +-at 


T t 2 
=13.10 rad/s 2 


4.20 s 


+-(-5.60 rad/s 2 )(4.20 s) 
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P10.14 (a) Let R E represent the radius of the Earth. The base of the building 

moves east at v t =coR E , where oo is one revolution per day. The 
top of the building moves east at v 2 =co(R e +h). Its eastward 
speed relative to the ground is v 2 - v 1 =coh. The object's time of 
1 \2h 

fall is given by Ay =0+ —gt 2 ,t= I —. During its fall the object's 
eastward motion is unimpeded so its deflection distance is 


l2h _ 

cotf' 2 


1/2 

\ g ~ 


UJ 



(b) 

(c) 


( 2k rad 
[ 86400 s 


j(50. 


,0 m 


9.80 m/s- 


Y /2 


The deflection is only 0.02% of the original height, so it is 
negligible in many practical cases. 


(d) [Decrease.] Because the displacement is proportional to angular 
speed and the angular acceleration is constant, the displacement 
decreases linearly in time. 


Section 10.3 Angular and Translational Quantities 
P10.15 (a) From v=rco, we have 

_v _45.0 m/s _ 


3 rad/s | 


(b) Traveling at constant speed along a circular track, the car will 
experience a centripetal acceleration given by 

_\F _(45.0m/s) 2 


= 8.10 m/s 2 toward the center of track 


Estimate the tire's radius at 0.250 m and miles driven as 10 000 per 
year. Then, 


/1.00 xio 4 mi] 

/1609 m] 

\ 0.250 m J 

l 1 mi J 
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P10.17 


P10.18 


P10.19 


6 =(6.44 x 10 7 rad/yr)^^^jj =1.02xl0 7 rev/yror |~ 10 7 rev/yr| 

(a) The final angular speed is 

co =- = 25 '° m/s =125.0 rad/s I 
r 1.00 m 1 - 1 

(b) We solve for the angular acceleration from co 2 f =co 2 +2a (ao) : 

co 2 f -co 2 (25.0 rad/s) 2 -0 i _ QQ . /2 i 

2[A0) 2[(l.25 rev)(27T rad/rev)] ' - ' 

(c) From the definition of angular acceleration, 

Af = M, = 25.0 rad/s 

a 39.8 rad/s 2 1 - 1 

(a) Consider a tooth on the front sprocket. It gives this speed, relative 
to the frame, to the link of the chain it engages: 


0.152 m 


(76 re v/mta)f^ rad Y lmin 

l lrev 


= | 0.605 m/s] 

(b) Consider the chain link engaging a tooth on the rear sprocket: 
0.605 m/s 


r (0.070 m)/2 


= 17.3 rad/s 


(c) Consider the wheel tread and the road. A thread could be 
unwinding from the tire with this speed relative to the frame: 

v =rco m j(l7-3 rad/s) = |5.82 m/s] 

(d) | We did not need to know the length of the pedal cranks | , but we 
could use that information to find the linear speed of the pedals: 

v =rco =(0.175 m)(7.96 rad/s) —— =1.39 m/s 
^1 rad J 

Given r = 1.00 m, a =4.00 rad/s 2 , (9, =0, and 0, =57.3° =1.00 rad: 

(a) o) f =co j +at =0 +at 

At t = 2.00 s, (o f =4.00 rad/s 2 (2.00 s) = |8.00 rad/s | 
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P10.20 


(b) v =rco =(l .00 m)( 8.00 rad/s) = | 8.00 m/s| 

(c) \a r \ =a c =rco 2 =(l.00 m)(8.00 rad/s ) 2 =64.0 m/s 2 
3 . =ra =(l.00 m)(4.00 rad/s 2 ) =4.00 m/s 2 

The magnitude of the total acceleration is 

a=-yj^ r +4 =aJ( 64.0 m/s 2 ) 2 +(4.00 m/s 2 ) 2 = |64.1 m/s 2 ] 

The direction the total acceleration vector makes with respect to 
the radius to point P is 



(d) Q f =6 i +co i t+^ccf =(l.00 rad)+^-(4.00 rad/s 2 )(2.00s ) 2 = | 9.00 rad | 

(a) We first determine the distance travelled by the car during the 
9.00-s interval: 

S=vt=- + Vf t=(ll.O m/s)(9.00 s) =99.0 m 

the number of revolutions completed by the tire is then 

. S 99.0 m , r——- 1 

d =- =-=341 rad = 54.3 rev 

r 0.290 m 1 - 1 


.. V f 22.0 m/s __ _ , . r——- —1 

(b) co f =—=-=75.9 rad/s = 12.1 rev/s 

W f r 0.290 m 1 - 

P10.21 Every part of this problem is about using radian measure to relate 
rotation of the whole object to the linear motion of a point on the 
object. 

1 200 rev 3 r—————. 

- =126 rad/s 

60.0 s ) 1 - 1 

(b) v =cor =(126 rad/s)(3.00 x 10' 2 m) = |3.77 m/s| 

(c) a c =co 2 r =(126 rad/s) 2 (8.00 x 10 -2 m) =1 260 m/s 2 so 
a r = | 1.26 km/s 2 toward the center | 

(d) S=rd =cort =(126 rad/s)(8.00xl0“ 2 m)(2.00 s) = [20.1 m| 


(a) co = 2 n f = 


2 n rad ( 
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P10.22 


(a) 1 5.77 cm| 


(b) 


Yes. The top of the ladder is displaced 

6 =s/r =0.690 m/4.90 m = 0.141 rad 
from vertical about its right foot. The left foot of the 
ladder is displaced by the same angle below the 
horizontal; therefore, 

0 =0.690 m/4.90 m =t/0.410 m -» t =5.77 cm 
Note that we are approximating the straight-line distance 
of 0.690 m as an arc length because it is much smaller 
than the length of the ladder. The thickness of the rock is 
a cruder approximation of an arc length because the rung 
of the ladder is much shorter than the length of the ladder. 


P10.23 The force of static friction must act forward and then more and more 
inward on the tires, to produce both tangential and centripetal 
acceleration. Its tangential component is m(l.70 m/s 2 ). Its radially 

mv 2 2 , . , . . , . 

inward component is ma c =- =mo) r, which increases with time: 

this takes the maximum value 

mco 2 f r =mr[cof +2ocA0) =mr^0 +2a^j =mnra =mna t 
=/T)7r(l.70m/s 2 ) 


With skidding impending we have ^F y =ma y , +n - mg =0, n =mg: 
f s =p s n =p s mg =^m 2 (l.70 m/s 2 ) 2 +m 2 n 2 (l.70 m/s 2 f 


1.70 m/s 2 r—— 2 , 

Pirn — mi +n =\ 

9 


P10.24 The force of static friction must act forward and then more and more 
inward on the tires, to produce both tangential and centripetal 
acceleration. Its tangential component is ma =mra. Its radially inward 

component is ma c — rnV — =mo) 2 r which increases with time; this takes 
the maximum value 

mco 2 r =mr[co 2 +2aAo) =mrfo +2a ^l =mnra =mna 
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With skidding impending we have 

XF y =ma y : +n-mg=0 -> n =mg 

f s =n s n =/J s mg =sj(ma t f +(ma c f =^m 2 a 2 +m 2 n 2 a 2 



P10.25 (a) The general expression for angular velocity is 

(o =— =—(2.50? - 0.6001 3 ) =5.00t-1.801 2 
dt dt K 1 


where co is in radians/second and t is in seconds. 
The angular velocity will be a maximum when 

^ =4(5.00t-1.801 2 ) =5.00 - 3.60t =0 
dr dt 


Solving for the time t, we find 


5.00 

3.60 


=1.39s 


Placing this value for t into the equation for angular velocity, we 
find 


® max =5.00t-1.80? =5.00(l.39)- 1.80(l.39 f = | 3.47 rad/s | 

(b) v max =co max r =(3.47 rad/s) (0.500 m) = |l.74m/s| 

(c) The roller reverses its direction when the angular velocity is 
zero—recall an object moving vertically upward against gravity 
reverses its motion when its velocity reaches zero at the 
maximum height. 

co =5.00t-1.80t 2 =t(5.00-1.80t) =0 

5.00- 1.80t =0 -»t =— =2.78s 
1.80 

The driving force should be removed from the roller at t = |2.78s| . 

(d) Set t = 2.78 s in the expression for angular position: 

6=2.50t 2 -0.600t 3 =2.50(2.78) 2 -0.600(2.78) 3 =6.43rad 

or (6.43 rad)f ^ rota ^ Qn 1 =| 1.02 rotations! 

^ 2n rad ) 
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P10.26 The object starts with 6 j =0. The location of its final position on the 
circle is found from 9rad- 2 n =2.72rad =156°. 


(a) Its position vector is 

3.00 m at 156° =(3.00 m)cosl56°i +(3.00 m)sinl56°j 
= (-2.73i +1.24j) m 

(b) | It is in the second quadrant, at 156° | 

(c) The object's velocity is v =cor =(1.50 rad/s)(3.00 m) = 4.50 m/s at 
90°. After the displacement, its velocity is 

4.50 m/s at 90°+156° or 

4.50 m/s at 246°=(4.50 m/s)cos246°i +(4.50 m/s)sin246°j 
= (-l.85i-4.10j) m/s 

(d) | It is moving toward the third quadrant, at 246° | . 

(e) Its acceleration is V 2 / r, opposite in direction to its position vector. 
This is 


(f) 


(4.50 m/s) at 180 o +156 o or 
3.00 m 

6.75 m/s 2 at 336°= (6.75 m/s 2 )cos336°i 

+(6.75 m/s 2 )sin336°j 
= (6.15i - 2.78j) m/s 2 


ANS. FIG. P10.26 shows the initial and final position, velocity, 
and acceleration vectors. 



ANS. FIG. P10.26 
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(g) The total force is given by 

F =ma =(4.00 kg)(6.15i-2.78 j) m/s 2 = |(24.6i-ll.l j)N| 


Section 10.4 Torque 

P10.27 To find the net torque, we add the individual 

torques, remembering to apply the convention that 
a torque producing clockwise rotation is negative 
and a counterclockwise rotation is positive. 

=(0.100 m)(l2.0 N) 

-(0.250 m)(9.00N) 

- (0.250 m)(l0.0N) 

= [~-3.55 N-m | 



9.00 N 


ANS. FIG. P10.27 


The thirty-degree angle is unnecessary information. 

P10.28 We resolve the 100-N force into _ __ 

components perpendicular to and 
parallel to the rod, as 

F par =(100 N) cos 57.0° =54.5 N 

and 

F P erp =(l00 N)sin57.0° =83.9 N ANS. FI G. P10 . 2 8 



The torque of F par is zero since its line of 
action passes through the pivot point. 

The torque of F perp is 

r =(83.9N)(2.00m) = | 168N-m] (clockwise) 
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Section 10.5 Analysis Model: Rigid Object Under a Net Torque 

P10.29 The flywheel is a solid disk of mass M and radius R with axis through 
its center. 


=/« 

I =-MR 2 
2 


- T u r +Tf MR 2 a -» T b =T U + 


MR 2 a 
2 r 


T =135 N + (8a ° k sX a625 m ) 2 (- L67 rad/s2 ) 
b 2(0.230 m) 


=|21.5N| 


P10.30 (a) The moment of inertia of the wheel, modeled as a disk, is 

/ =^MR 2 =^(2.00 kg)(7.00xlO" 2 m) 2 =4.90 xl0~ 3 kg m 2 

From Newton's second law for rotational motion, 

_ 0.600 


/ 4.90 x 10" 3 


=122 rad/s 2 


then, from a =-, we obtain 

At 

At =— = 1200(2 ” r/60) =0371 

a 122 1 - 1 

(b) The number of revolutions is determined from 

AO =^af =i(l22 rad/s)(l.03 s) 2 =64.7 rad = | 10.3 rev | 


^PIO.31 (a) We first determine the moment of inertia of the merry-go-round: 

/ =^MR 2 =|(l50 kg)(l.50 m) 2 =169 kg m 2 


To find the angular acceleration, we use 


Act) C0f~ 


At 


f-CQj _( 0.500 1 
At “l 2.1 


rev/s-0 V2 n rad 

A 1 rev 


,00 s 


) =| rad / s2 


From the definition of torque, t =F • r =la, we obtain 

l„ (169 kg m 2 )fy rad/s 2 ) 

F =— =-^-/ =[l77Nl 
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P10.32 (a) See ANS. FIG. P10.32 below for the force diagrams. 


£F y =ma y gives 
g =0 
n 1 =m 1 g 
with = /4/7,. 

YjF x =rna x gives 
- f kl +T t =m x a 

For the pulley, X T —gives 




For m 2 , 

-m 2 - m 2 gcos0 =0 n 2 =m 2 gcos0 

f K2 =AV\ 

- f k2 - T 2 +m 2 gsm0 =m 2 a 


[ 1 ] 


[ 2 ] 


[3] 



T t 


1, R 


ANS. FIG. P10.32 
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(b) Add equations [1], [2], and [3] and substitute the expressions for 
f w and n v and -f k2 and n 2 : 

- f kl +T 1 +(-Tj +7" 2 ) — f k2 -T 2 +m 2 g sin 0 =m 1 a +^M a +m 2 a 

- 4i ~ +iri 2 gsmd =^m 1 +m 2 +^M ja 
-p k m x g-p k m 2 gcosG +m 2 gsin0 =fm 1 +m 2 +^M ja 
„ _m 2 (sin 0 - p k cosO) - p k m 1 

d -i——-y 

m 1 + m 2 +^M 

(6.00 kg)(sin30.0° - 0.360cos30.0°) - 0.360(2.00 kg) ^ 

3 ( 2.00 kg) +( 6.00 kg) +£( 10.0 kg) 9 

a = [o.309 m/s 2 1 

(c) From equation [1]: 

- f n +T t =m 1 a ->Tj =2.00 kg(o.309 m/s 2 ) + 7.06 N = |7.67N| 
From equation [2]: 

-T x +T 2 =^Ma^ T 2 =7.67 N +5.00 kg(o.309 m/s 2 ) 

= |9.22N| 

P10.33 We use the definition of torque and the 
relationship between angular and 
translational acceleration, with m = 0.750 kg 
and F = 0.800 N: 

(a) r -rF =(30.0 m)(0.800 N) = | 24.0 N-m 

_t __rF_ _ 24.0 N • m 

01 ~T ~mr 2 ”(0.750 kg)(30.0 m ) 2 

= | 0.035 6 rad/s 2 | 

(c) a^. =ar =(0.035 6 rad/s 2 )(30.0 m) = | 1.07 m/s 2 ] 



© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly. 


sible website, in whole or in part. 



















534 Rotation of a Rigid Object About a Fixed Axis 


P10.34 


P10.35 


(a) The chosen tangential force produces constant torque and 

therefore constant angular acceleration. Since the disk starts from 
rest, we write 

df-di =co j t+-af 
2 

0 -0=0 +-af 
2 

6 f =—af 
f 2 


Solving for the angular acceleration gives 


(10.0 s) 2 


=0.251 rad/s 2 


We then obtain the required combination of F and R from the 
rigid object under a net torque model: 

Xt=/ a: FR =(l00 kg-m 2 )(0.251 rad/s 2 ) =25.1 N-m 


| For F =25.1 N, R =1.00 m. For F =10.0 N, R =2.5U^\ 


(b) 


No. Infinitely many pairs of values that satisfy this requirement 
exist: for any F < 50.0 N, R =25.1 N • m/F, as long as R < 3.00 m. 


(a) From the rigid object under a net torque model, X T =/« gives 


, = Il At 1(6.00 s) =| 2 1.6 kg • m 2 | 


10.0 rad/s 

(b) For the portion of the motion during which the wheel slows 
down. 


= |3.60 N^ml 

(c) During the first portion of the motion, 

A* .j. fO+10.0 rad/s 

Ad =® avg At = --- At =' 

= 30 rad 


(6.00 s) 
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During the second portion. 


A* = w avg At =(^)At , ^0.0 ra d/s + 0 j (600 g) 
= 300 rad 


Therefore, the total angle is 330 rad Qft. p2.5 revolutions] , 

P10.36 (a) Let T 1 represent the tension in the cord above m l and T 2 the 

tension in the cord above the lighter mass. The two blocks move 
with the same acceleration because the cord does not stretch, and 
the angular acceleration of the pulley is a/R. For the heavier mass 
we have 

ZF =m 1 a -» T 1 -m 1 g =m l [-a) or -T 1 + m x g =m 1 a 
For the lighter mass, 

ZF =m 2 a -» T 2 -m 2 g=m 2 a 
We assume the pulley is a uniform disk: / = (1/2)M R 2 
Zr=la^ +T 1 R-T 2 R=^MR 2 [a/R) 


or T-T=-Ma 

1 2 2 

Add up the three equations in a: 


-T 1 + m } g + T 2 - m 2 g + T 1 -T 2 = m : a + m 2 a +-Ma 


m, - m 2 

■■ - 1 - K—g 

m 1 + m 2 +^M 

20.0 kg-12.5 kg 
20.0 kg +12.5 kg +^(5.00 kg) 


(9.80 m/s 2 ) 


=2.10 m/s 2 


Next, x=0 +0 +-aP 
2 



_ / 2(4.00 m) 
V 2.10 m/s 2 


= |l.95 s| 


(b) 


If the pulley were massless, the acceleration would be larger 
by a factor 35/32.5 and the time shorter by the square root of 
the factor 32.5/35. That is, the time would be reduced by 3.64%. 
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P10.37 From the rigid object under a net torque 
model, 

=loc 


-W =, k FR -gMS’jf 


A4 = 


MRAco 

2FAt 


Substitute numerical values: 



ANS. FIG. P10.37 


(100 kg)(0.500 m)(-50.0 rev/min)^2 k radY 1 min^j 
“ 2(70.0 N)(6.00 s) l 1 rev A 60 s J 

= 10.3121 


Section 10.6 Calculation of Moments of Inertia 

P10.38 Model your body as a cylinder of mass 60.0 kg and a radius of 12.0 cm. 
Then its moment of inertia is 

I MR 2 =^(60.0 kg)(0.120 m) 2 =0.432 kg m 2 

~ | 10° kg ■ m 2 =1 kg • m 2 | 

Every particle in the door could be slid straight down into a high- 
density rod across its bottom, without changing the particle's 
distance from the rotation axis of the door. Thus, a rod 0.870 m 
long with mass 23.0 kg, pivoted about one end, has the same 
rotational inertia as the door: 

/ =|ML 2 =|(23.0 kg)(0.870 m) 2 = | 5.80 kg-m 2 "] 

The [height of the door is unnecessary! data. 


P10.39 (a) 


(b) 
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P10.40 (a) We take a coordinate system 

with mass M at the origin. The 
distance from the axis to the 
origin is also X. The moment of 
ineria about the axis is 

I =M x 2 +m(L-xf 

To find the extrema in the 
moment of inertia, we 
differentiate / with respect to X: 

-=2Mx-2m(L-x) =0 
ox 

Solving for X then gives 


M +m 



ANS. FIG. P10.40 


(b) 


Differentiating again gives =2 m +2M ; therefore, / is at a 

minimum when the axis of rotation passes through jjf = > 


which is also the position of the center of mass of the system if we 
take mass M to lie at the origin of a coordinate system. 


The moment of inertia about an axis passing through X is 



=pL 2 , where p 


Mm 
M +m 


Mm j2 

M +m 


P10.41 Treat the tire as consisting of three hollow cylinders: two sidewalls and 
a tread region. The moment of inertia of a hollow cylinder, where R 2 > 

R „ is / M [r 2 +R 2 ), and the mass of a hollow cylinder of height (or 

thickness) t is M =pn[R 2 2 - R^)t. Substituting the expression for mass 
M into the expression for/, we get 


I =\p*(r 2 2 - R 2 )t(Rt +R 2 ) =±pnt(R‘ - R ‘) 


The two sidewalls have inner radius r 1 = 16.5 cm, outer radius r 2 = 
30.5 cm, and height t side = 0.635 cm. The tread region has inner radius 
r z = 30.5 cm, outer radius r 3 =33.0 cm, and height t lread = 20.0 cm. The 
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density of the rubber is 1.10 x 10 3 kg/m 3 . 

For the tire (two sidewalls: R 1 = r v R 2 = r 2 ; tread region: R 1 = r 2 , R 2 = r 3 ) 

'^= 2 [l ( R * - R 4 )] +\p*t^ («* - r ; ) 

= 2 [| pxt,,, (rt-rt) 

Substituting, 

/ t otai =2||(l.l0xl0 3 kg/m 3 ) k (6.35x 1(T 3 m) 

x[(0.305 m) 4 -(0.165 m) 4 ]} 

-^(l.lOxlO 3 kg/m 3 )^:(0.200 m)[(0.330 m) 4 -(0.305 m) 4 ] 

=2(8.68xl0‘ 2 kg m 2 ) +1.11 kg-m 2 = |l.28 kg-m^j 

P10.42 We use x as a measure of the distance of each mass element dm in the 
rod from the y' axis: 


, r r L 2 M w M x 3 

L. = r 2 dm = \ x 2 —dx= - 

=-M L 2 

y 1 all mass Jo /_ L 3 

o 3 


P10.43 We assume the rods are thin, with radius much less than L. Note that 
the center of mass (CM) of the rod combination lies at the origin of the 
coordinate system. Because the axis of rotation is parallel to the y axis, 
we can first calculate the moment of inertia of the rods about the y axis, 
then use the parallel-axis theorem to find the moment about the axis of 
rotation. 

The moment of the rod on the y axis 
about the y axis itself is essentially zero 
(axis through center, parallel to rod) 
because the rod is thin. The moments of 
the rods on the x and z axes are each 

/ =^m/_ 2 (axis through center, 

perpendicular to rod) from the table in 
the chapter. 
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The total moment of the three rods about the y axis (and about the CM) 
is 


is "hi or 


For the moment of the rod-combination about the axis of rotation, the 
parallel-axis theorem gives 


1 =/ r M +3m 


(lHH] mL2 =S# L2= 


— mL 2 
12 


Section 10.7 Rotational Kinetic Energy 

P10.44 The masses and distances from the rotation axis 
for the three particles are: 

m 1 =4.00 kg, r x =|y 1 | =3.00 m 

m 2 =2.00 kg, r 2 =\y 2 \ =2.00 m 

m 3 =3.00 kg, r 3 =|y 3 | =4.00 m 

and co =2.00 rad/s about the x axis. 

(a) l x = 171 /* +m 2 r 2 +m 3 r 3 2 

l x =(4.00 kg)(3.00 m) 2 +(2.00 kg)(2.00 m) 2 
+(3.00 kg)(4.00 m) 2 

= |92.0 kg ■ m 2 1 

(b) K n =| I/O 2 =7(92.0 kg m 2 )(2.00 m f = 184)1 

(c) v x =r/o =(3.00 m)(2.00 rad/s) =|6.00 m/s| 
v 2 =r 2 co =(2.00 m)(2.00 rad/s) = |4.00 m/s] 

\/ 3 =r 3 co =(4.00 m)(2.00 rad/s) = |8.00 m/s] 

(d) K x =^mX =^(4.00 kg)(6.00 m/s) 2 =72.0 J 



ANS. FIG. P10.44 
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P10.45 


P10.46 


K 2 =^m 2 v 2 =^(2.00 kg)(4.00 m/s) 2 =16.0 J 
K 3 =^m 3 v% =^(3.00 kg)(8.00 m/s) 2 =96.0 J 
K =K t +K 2 +K 3 =72.0 J +16.0 J +96.0 J = |l84j| =h x co 2 

(e) [The kinetic energies computed in parts (b) and (d) are the same. | 

Rotational kinetic energy of an object rotating about a fixed axis 
can be viewed as the total translational kinetic energy of the 
particles moving in circular paths. 

(a) All four particles are at a distance r y (m) 

from the Z axis, with 

r 2 =(3.00 m ) 2 +(2.00 m) 2 
=13.0 m 2 

Thus the moment of inertia is 
l z =Y J m i r 2 
=(3.00 kg)(l3.0 m 2 ) 

+(2.00 kg)(l3.0 m 2 ) 

+(4.00 kg)(l3.0 m 2 ) 

+(2.00 kg)(l3.0 m 2 ) 

= | 143 kg -m 2 "] 

(b) The rotational kinetic energy of the four-particle system is 

K r =hco 2 =|(l43 kg m 2 )(6.00 rad/s) 2 = |2.57xl0 3 j| 

The cam is a solid disk of radius R that has had a small disk of radius 
R/2 cut from it. To find the moment of inertia of the cam, we use the 
parallel-axis theorem to find the moment of inertia of the solid disk 
about an axis at distance R/2 from its CM, then subtract off the 
moment of inertia of the small disk of radius R/2 with axis through its 
center. 

By the parallel-axis theorem, the moment of inertia of the solid disk 
about an axis R/2 from its CM is 



ANS. FIG. P10.45 






-M 

2 c 


M 2 +-M h . 

sk 4 dl! 


R 2 =-M,. M 2 

< 4 d,sk 
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With half the radius, the cut-away small disk has one-quarter the face 
area and one-quarter the volume and one-quarter the mass M disk of the 
original solid disk: 


m 

R 2 


1 

4 


The moment of inertia of the small disk of radius R/2 about an axis 
through its CM is 



Subtracting the moment of the small disk from the solid disk, we find 
for the cam 



The mass of the cam is M =M. - M „, =M. - — M 

disk small disk disk ^ 

therefore 


disk 



, 23 .. 

'“»= 32 M * 


132 A3 J 24 


The moment of inertia of the cam-shaft is the sum of the moments of 
the cam and the shaft: 


t =/ cam +/ shaft =—MR 2 +-M (-'] 

t cam shaft ^ 2 {if 

L24 8j L24 24j 


/camshaft =~ M« 2 =— MR 2 
cam-shaft ^ ^ 


The kinetic energy of the cam-shaft combination rotating with angular 
speed ®is 


— MR 2 


— MRW 

.{12 


24 
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P10.47 


(a) Identify the two objects and the Earth as an 
isolated system. The maximum speed of the 
lighter object will occur when the rod is in the 
vertical position so let's define the time interval 
as from when the system is released from rest to 
when the rod reaches a vertical orientation. So, 
for the isolated system, 

A K +AU =0 


0 —iShO 
/////. 


- 0 


+ [m 1 gy 1 +m 2 gy 2 - o] =0 
' -2g(m,y, +m 2 yj l ^glmy, +mJJ 


ANS. FIG. P10.47 


/i +/ 2 


m / 2 +m 2 r 2 


I- 2(9.80 m/s 2 )[(0.120 kg)(2.86 m) +(60.0 kg)(-0.140 m)] 
“ ]j (0.120 kg)(2.86 m) 2 +(60.0 kg)(0.140 m) 2 

= 8.55 rad/s 

Then, the tangential speed of the lighter object is, 
v =rcQ =( 2.86 m)(8.55 rad/s) = |24.5 m/s| 


(b) | No. | The overall acceleration is not constant. It has to move either 
in a straight line or parabolic path to have a chance of being 
under constant acceleration. The circular path presented here 
rules out that possibility. 

(c) | No. | It does not move with constant tangential acceleration, since 
the angular acceleration is not constant. See explanation in part 

(d). 

(d) | No. | The lever arm of the gravitational force acting on the 60-kg 
mass changes during the motion. As a result, the torque changes, 
and so does the angular acceleration. 

(e) | No. | The angular velocity changes, therefore the angular 
momentum of the trebuchet changes. 

(f) | Yes. | The mechanical energy stays constant because the system is 
isolated—that is how we solved the problem in (a). 
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Section 10.8 Energy Considerations in Rotational Motion 

P10.48 From the rigid object under a net torque model, 

y =ja _> a FR _ 2 F 

1 -MR 2 MR 
2 

From the definition of rotational kinetic energy and the rigid object 
under constant angular acceleration model, 

K =-lco 2 =-/(»,. +atf =—la 2 f =-(-MR 2 )(—) f 

o o ' ' ' o o l n II f\/jp I 


2 

_ F 2 f 

" M 


Substituting, 

K = 


(50.0 N) 2 (3.00 s) 2 
800 N / 9.80 m/s 2 ' 


P10.49 The moment of inertia of a thin rod about an axis through one end is 
/ ML 2 . The total rotational kinetic energy is given as 

K r =-l h a>t +-/ m (9 2 

fi 2 h h 2 m m 


with 

and ! m ■ 

In addition, 
co h 

while co m 

Therefore, 


_ m h L 2 h _ 60.0 kg(2.70 m) 2 
3 3 

_rn m L 2 m _ 100 kg(4.50 m) 2 


3 

3 

_2k rad | 

' lh 1 

12 h 1 

v 3 600 s J 

_2n rad 

f lh ) 

lh 

[ 3 600 s J 


=146 kg ■ m 2 
=675 kg ■ m 2 


=1.45 xlO" 4 rad/s 
=1.75 xl0“ 3 rad/s 


K r =^-(l46 kg -m 2 )(l.45xl0 -4 rad/s f 

4(675 kg •m 2 )(l.75xl0 -3 rad/sf 


= 1.04x10^ J 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly ac 



544 Rotation of a Rigid Object About a Fixed Axis 


*P10.50 Take the two objects, pulley, and Earth as the 
system. If we neglect friction in the system, 
then mechanical energy is conserved and we 
can state that the increase in kinetic energy of 
the system equals the decrease in potential 
energy. Since Kj = 0 (the system is initially at 
rest), we have 

AK =K f -K, 

=—/rij^ 2 +-m 2 v 2 +-lco 2 
2 1 2 2 2 

where m 1 and m 2 have a common speed. But 
v=Rco so that AK = ~[ m i +m 2 + ^r)' /2 - 



ANS. FIG. P10.50 


From ANS. FIG. P10.50, we see that the system loses potential energy 
because of the motion of m 1 and gains potential energy because of the 
motion of m 2 . Applying the law of conservation of energy, 

AK +AU =0, gives 

+m 2 +^-) m 2 +m 2 g/7-m 1 g(/7 =0 


2(m 1 -m 2 )gh 


Since v=Rco, the angular speed of the pulley at this instant is given by 


_v _ I 2[m 1 
} ~R \ 


-m 2 )gh 


+m,R 2 +/ 


For the nonisolated system of the top, 

.... n 


I CO 2 - 0 


12(5.57 NK0.800m) = ^^ 
\ 4 x 1CT 4 kg • m 2 1 - 


The power output of the bus is P =—, where 


E =—lco 2 =- -MRW =-MR 2 co 2 
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is the stored energy and At =— is the time it can roll. Then 
1^, Pd 

— MR 2 co 2 =PAt =—. The maximum range of the bus is then 
. MR 2 a 2 v 


For average P =(25.0 hp) 746 ^ =18 650 W and average 

l lh P ) 

V =35.0 km/h = 9.72 m/s, the maximum range is 

MR 2 co 2 v 

4 P 

_(l 200 kg)(0.500 m) 2 (3 000-2 tt/ 60 s) 2 (9.72 m/s) 
_______ 

=3.86 km 


The situation is impossible because the range is only 3.86 km, 
not city-wide. 

P10.53 (a) Apply A/C +A U +AE mt =0, where AE mt = f k d, p =0.250, and 

f k =pn 2 =pm 2 g. Both translational and rotational kinetic energy 
are present in the system. y = 0.820 m/s. Find v. The angular 
speed of the pulley is co , =vjR 2 , and co =v/R 2 . Mass m 1 drops by 
h = d when mass m 2 moves distance d = 0.700 m. 

/ =^ M (Rl +R 2 2 ), where R , = 0.020 0 m, R 2 = 0.030 0 m, and 
M =0.350 kg. 

(Kf-K,) +{U f -U f ) +AE int =0 


f 1 2 

1 2 

\ (1 

, 1 ,4 

-m 2 v 2 

- -m 2 v 2 


v2 2 

2 2 1 


2 1 V 


+ iji i 0)2 ~ \ i ) + ^ migy ~yy* ) +=0 



+m 1 g(y - y,) +pm 2 gd =0 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly: 


sible website, in whole or in part. 




546 Rotation of a Rigid Object About a Fixed Axis 


P10.54 


Hm 1 +m 2 )(v 2 -v 




+m 1 g[-d)+ijm 2 gd =0 


\(m 1 +m 2 )(v 2 -vf) 

+ \[\ M =gc/(/77i-/jm 2 ) 

+m i) +\m ^1 +^r]j(^ 2 “ v f) =9d(m, - gm 2 ) 


V =\Vj +- 


4gof(m 1 - g k m 2 ) 


2(m, +m 2 ) + M 1 + j^ 2 j 


Suppressing units, 

(o82o ) 2 | 4(9.80)(0.700)[0.420 - (0.250)(0.850)] 

2(0.420 +0.850) +0.350fl + j a02 ° °j l 
[ { (0.030 Of) 

= [+59 m/s | 


(b) 


v 1.59 m/s 

co =^m - 

r 0.030 0 m 


=|53.1 rad/s 


(a) For the isolated rod-ball-Earth system, 

AK + AU =0 -> (K f -0)+(0-U i )=0 -> K f =U, 

K f =m rod 9Y CM, rod m ball 9Y CM, ball 

=(m rod y C M,rod +m ball y CM , baU )g 

= [(l.20 kg)(0.120 m) +(2.00 kg)(0.280 m)](9.80 m/s 2 ) 
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P10.55 


(b) We assume the rod is thin. For the compound object 

l= l M ^ 2 +[§ "WC+Mm.d 2 ] 

=^(l.20kg)(0.240m) 2 

+|(2.00 kg)(4.00xl0' 2 m) 2 +(2.00 kg)(0.280 m) 2 
/ =0.181 kg-m 2 


K f =-o) 2 
f 2 


f 2/c7 _ j 2(6-90 J) = [ 
0.181 kg • m 2 * 


8.73 rad/s | 


(c) v=rco =(0.280m) (8.73 rad/s) = | 2.44 m/s | 

(d) \f f =v* +2a(y f -y i ) 

V f =yjo +2(9.80 m/s 2 )(0.280 m) =2.34 m/s 

[The speed it attains in swinging is greater by | 

2 44 ._, 

W~ Hi-043 2 times I 
2.34 n - 1 

The gravitational force exerted on the reel is 

mg =(5.10 kg)(9.80 m/s 2 ) =50.0 N down 


We use Lt =la to find T and a. 

ik§7^ 

First find / for the reel, which we know is a 
uniform disk. 

/ =^MR 2 =^(3.00 kg)(0.250 m) 2 

f| t* 

0.250 m 

«- If 

=0.093 8 kg -m 2 

The forces on the reel are shown in ANS. FIG. 
P10.55, including a normal force exerted by its 
axle. From the diagram, we can see that the 
tension is the only force that produces a torque 
causing the reel to rotate. 

43 

, 50.0 1 

N"f 

ANS. FIG. P10.55 

=la becomes 

n(0) +F gp ( 0) +7(0.250 m) =(o.093 8 kg- 

m 2 )(a/0.250 m) 1 


where we have applied d t = ra to the point of contact between string 
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and reel. For the object that moves down, 

J J F y =ma y becomes 50.0 N-T =(5.10 kg)a [2] 

Note that we have defined downwards to be positive, so that positive 
linear acceleration of the object corresponds to positive angular 
acceleration of the reel. We now have our two equations in the 
unknowns T and a for the two connected objects. Substituting T from 
equation [2] into equation [1], we have 

[50.0 N-(5.10 kg)a](0.250 m) =(o.093 8 kg-m 2 ) ^ ^ j 


(b) 


(a) 

(c) 


Solving for a from above gives 

50.0 N-(5.10 kg)a=(l.50 kg)a 
50.0 N 


6.60 kg 


= 7.57 m/s 2 


Because we eliminated T in solving the simultaneous equations, 
the answer for a, required for part (b), emerged first. No matter— 
we can now substitute back to get the answer to part (a). 

T = 50.0 N -5.10 kg (7.57m/s 2 ) = |ll.4N| 

For the motion of the hanging weight, 

v* =vf +2a[y f -y j ) =0 2 +2(7.57 m/s 2 )(6.00 m) 
v f =9.53 m/s (down) 


(d) The isolated-system energy model can take account of multiple 
objects more easily than Newton's second law. Like your bratty 
cousins, the equation for conservation of energy grows between 
visits. Now it reads for the counterweight-reel-Earth system: 

{K, + K z +U g )={K l + K 2 + U g ) f 

where K 1 is the translational kinetic energy of the falling object 
and K 2 is the rotational kinetic energy of the reel. 

0 +0 +m 1 gy 1 , =-nr\/ 2 f +-/,ro 2 f +0 

2 1 lf 2 f 


Now note that co = v/r as the string unwinds from the reel. 

1 2.1,2 

may, =-mv +-lco 

2 2 
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P10.56 


P10.57 


2mgy j =mv 2 +1 



_ I 2mgy, 1 2(5.10 kg)(9.80 m/s 2 )(6.00 m) 

l^W] ~ OO gSSkg-m^ 

\ h (0.250 m) 2 

= |9.53 m/s| 


Each point on the cord moves at a linear speed of v =cor, where r is 
the radius of the spool. The energy conservation equation for the 
counterweight-tumtable-Earth system is: 

(Kj + K 2 + U g ) i + l/l/ other = (K x + K 2 + U g ) f 
Specializing, we have 

0 +0 +mgh +0 =^mv 2 +^lco 2 +0 

, 1 2 , 1 , V 2 

mgh =-mv +-/-r 

2 2 r 2 


2 mgh-mv 2 =1 

r 2 

and finally. 



To identify the change in gravitational energy, 
think of the height through which the center of 
mass falls. From the parallel-axis theorem, the 
moment of inertia of the disk about the pivot 
point on the circumference is 

/ =/ cm +MD 2 =^MR 2 +MR 2 

=—MR 2 

2 



ANS. FIG. P10.57 


The pivot point is fixed, so the kinetic energy is entirely rotational 
around the pivot. The equation for the isolated system (energy) model 

(K + U), = (K + U ) f 
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P10.58 


for the disk-Earth system becomes 

0 +MgR =!(jMR 2 j(y 2 +0 


Solving for co , co =J— 

V 3 n 

(a) At the center of mass, v =Rco = 


(b) At the lowest point on the rim, v =2 Rco = 


(c) For a hoop, 

/ cm =MR 2 and / mjn =2 MR 2 

By conservation of energy for the hoop-Earth system, then 
MgR =^(2 MR 2 )co 2 +0 

g 


and the center of mass moves at \/ CM =Rco =^gR |, slower than 
the disk. 

(a) The moment of inertia of the cord on the spool is 

-M(/R 2 +R 2 ) =-(0.100 kg)[(0.015 0 m) 2 +(0.090 0 m) 2 ] 
=4.16xl0 -4 kg-m 2 
The protruding strand has mass 

(l.OOxl0“ 2 kg/m)(0.160 m) =1.60 xl0“ 3 kg 
and moment of inertia 

/ =/ CM +Mcf =^ML 2 +M<f 

=(l.60x 10“ 3 kg)^(0.160 mf +(0.090 0 m +0.080 0 m) 2 j 
=4.97 x 10“ 5 kg • m 2 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly. 




Chapter 10 551 


For the whole cord, / =4.66 x 1CT 4 kg • m 2 . In speeding up, the 
average power is 


Icq 2 


r 4.66 x 10 -4 kg • m 2 1 

/ 2 500 • In ^ 

[ 2(0.215 s) J 

l 60s J 


=| 74.3 W | 


(b) P =rco =(7.65 N)(0.160 m +0.090 0 m)| 


2 000 • 2k \ 


=| 401 W | 


Section 10.9 Rolling Motion of a Rigid Object 
P10.59 (a) The kinetic energy of translation is 

Ktrans =\ =|(l0.0 l<s)(l0.0 m/s) 2 = |500 J| 

(b) Call the radius of the cylinder r. An observer at the center sees the 
rough surface and the circumference of the cylinder moving at 
10.0 m/s, so the angular speed of the cylinder is 

a = Vcm _ 1Q - Qm / S 

The moment of inertia about an axis through the center of mass is 
I cm =\™ 2 > so 

4'® 2 -KHt?) 1 = i* iao k8 * (iao m/s)J 


(c) We can now add up the total energy: 

=K m +K„ = [750j| 


P10.60 


Conservation of energy for the sphere rolling without slipping is 


U , =K^ 


on, f +K roi 


1 1/2 

mgh =-mv 2 +-\-mR‘ 

y 2 21,5 


( 0 + 


which gives 
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P10.61 


Conservation of energy for the sphere sliding without friction, with 
0 ) =0, is 

mgh =^mv 2 


which gives |u f =j2gFi\ 

The time intervals required for the trips follow from X =0 +\/ lvg t: 



t 


2 h 

V f sinO 


For rolling we have 



and for sliding. 



[The time to roll is longer by a factor of (0.7/0.5) 172 =1.18. | 

(a) We can consider the weight force acting at the center of mass 
(gravity) to exert a torque about the point of contact (the axis, in 
this case) between the disk and the incline. Then, from the particle 
under a net torque model, we have 

r =la and a=Ra 


mgR sind =(/ CM +mR 2 )a 


_mgR 2 sin# 

I CM "FmR 

_mgR 2 sinO _\ 

sk Q 

-mR 2 
2 


-g sind 


(b) By the same method. 


mgR 2 sin d 

'cM +mR2 


mgR 2 sind 1 . ^ _ , , , , 

a hoop = — 2 —ft?— =—g sind. The accelerahon of the hoop is 

smaller than that of the disk. 
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(c) Torque about the CM is caused by friction because the lever arm 
of the weight force is zero: 
r = fR =la 
f =pn = pmg cos 0 

= _l_ /«/« 

mg cos 0 mg cos 0 R 2 mg cos 0 

P10.62 (a) Both systems of cube-Earth and cylinder-Earth are isolated; 

therefore, mechanical energy is conserved in both. [The cylinder] 
has extra kinetic energy, in the form of rotational kinetic energy, 
that is available to be transformed into potential energy, so it 
travels farther up the incline. 

(b) The system of cube-Earth is isolated, so mechanical energy is 
conserved: 


-tand 

3 


1 , M 2 

K:=U f -> -mv=mgd sin 6 -> d =- 

' f 2 y 2gsin0 

Static friction does no work on the cylinder because it acts at the 
point of contact and not through a distance; therefore, mechanical 
energy is conserved in the cylinder-Earth system: 

^ translation, / +^rotatio„. , =U f "> ^^^ =^^^6 


which gives 


4gsin0 


The difference in distance is 


31/ 2 v 2 _| v 2 
4gsin0 2gsin0 4gsin0 


(c) 


or, the cylinder travels 50% farther. 

The cylinder does not lose mechanical energy because static 
friction does no work on it. Its rotation means that it has 50% 
more kinetic energy than the cube at the start, and so it travels 
50% farther up the incline. 


P10.63 (a) | The disk reaches the bottom first | because the ratio of its moment 

of inertia to its mass is smaller than for the hoop; this result is 
independent of the radius. 
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P10.64 


(b) Both systems of disk-Earth and hoop-Earth are isolated because 
static friction does no work because it acts at the point of contact 
and not through a distance. Mechanical energy is conserved in 
both systems: 


K =-mv 2 +-, 
2 2 


hco 2 V 2 

2 2 [ R 


where co =— since no slipping occurs. 
Also, U i =mgh, U f =0, and v. =0 
Therefore, — m +-^— \ v 2 =mgh 

2 L R 2 J 


Thus, 


2 gh 


[l +(//mR 2 )] 

For a disk, / =—mR 2 , so v 2 = ( 

2 1+| 




? =V^ 


For a hoop, / = mR 2 so i/ 2 or 

Since \/ djsk > V hoop , | the disk| reaches the bottom first. 

(a) Energy conservation for the system of the ball and the Earth 
between the horizontal section and top of loop: 

-mv 2 +-/«2 +mgy 2 =-m\/ 2 +-/« 2 

H + f +mgy 2 =\mvl 

5 2 , 5 2 

-^+ gy 2 =-^ 2 

V 2 =^-|gy 2 


=^4.03 m/s) 2 -1(9.80 m/s 2 )(0.900 m) 


= 2.38 m/s 
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555 


P10.65 



ANS. FIG. P10.64 


(b) The centripetal acceleration at the top is 
\zt, (2.38 m/s) 2 


0.450 m 


- = 12.6 m/s 2 > g 


Thus, the ball must be in contact with the track, with the track 
pushing downward on it. 


(c) 



If 2 


+mgw =-mv 2 +-I 

3 2 1 2 3 



9/3 

=^(4.03 m/s) 2 -1(9.80 m/s 2 )(-0.200 m) 
= |4.31 m/s | 


(d) 


~ m ' / 2 +m 9y 2 =\™l 


v 2 = j\f 1 -2gy 2 =^/(4.03 m/s) 2 - 2(9.80 m/s 2 )(0.900 m) 
= ^1.40 m 2 /s 2 | i 

(e) This result is imaginary. In the case where the ball does not roll, 
the ball starts with less kinetic energy than in part (a) and [never] 
[makes it to the top of the loop|. 

(a) For the isolated can-Earth system, 

A K +AU =0 +^/® 2 -oj +(o - mgh) =0 


which gives 

_ 2 mgh-mv 2 CM 
co 2 
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From the particle under constant acceleration model, 

0 + V CM ... ... 

At 


CM, avg ' 


= 2v ( 


CM, avg 


Therefore, the moment of inertia is 

i =m , 2 pgMf ) 2 . x j =mr ^ g (<w)W - t j 

=mr^ g(sin 2 e J (At>2 -lj 


Substitute numerical values: 

/ =(o.215 kg) (0.031 9 m) 2 

f (9.80 m/s 2 )(sin 25.0°)(1.50 s) 2 


2(3.00 1 


= 1.21 x 1(P kg-m 2 


(b) The [height of the can| is unnecessary data. 


(c) 


The mass is not uniformly distributed; the density of the metal 
can is larger than that of the soup. 


Additional Problems 
P10.66 


When the rod is at angle 0 from the vertical, the vertical weight force 
mg is at the same angle from the vertical so that its torque about the 

£ 

pivot is mg—sind. From the particle under a net torque model, 

X T = I(X 

1 1 
mg-sind = -mi 2 a 

a = ——sinO —> a t = f——sin# ]r 

2 l f {2 l 1 


<!fH 



2 

r>gsin0->r>-.£ 


ANS. FIG. P10.66 
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P10.67 


the length of the chimney 


will have a tangential 


acceleration greater than gsinO. 


(a) The spool starts from rest, with zero rotational kinetic energy, and 
accelerates to 8.00 rad/s. The work done to accomplish this is 
given by the work-kinetic energy theorem: 

W =AK =-lco 2 f --lcof =-l ico 2 f -cof), where / =-mR 2 
2 2 2 ' ' 2 

= (£0)( L00 kg ^°‘ 50 ° m ) 2 [( 8 - 00 rad/s) 2 -0] = 4.00 J j 

(b) The time interval can be found from 

(o f = 0 ), +at, where a =% m / s = 5,00 rad/s 2 

f 1 ' r o.500 m 


Therefore, 

a) f -co, _8.00 rad/s - 0 




5.00 rac 


(c) The spool turns through angular displacement 

6 f =0: +(o i t+-at 2 
f 1 1 2 


=0 +0 +-(5.00 rad/s )(1.60 s) 2 =6.40 rad 


The length pulled from the spool is 

S = rO = (0.500 m)(6.40 rad) = 3.20 m 

When the spool reaches an angular velocity of 8.00 rad/s, 1.60 s 
will have elapsed and 3.20 m of cord will have been removed 
from the spool. Remaining on the spool will be | 0.800 m~| . 

P10.68 (a) We consider the elevator-sheave-counterweight-Earth system, 

including n passengers, as an isolated system and apply the 
conservation of mechanical energy. We take the initial 
configuration, at the moment the drive mechanism switches off, 
as representing zero gravitational potential energy of the system. 
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Therefore, the initial mechanical energy of the system [elevator 
(e), counterweight (c), sheave (s)] is 


E =Kj MJ; =-m e v 2 +-m c v 2 +-l s co 2 +0 

' ' ' 2 e 2 c 2 s 

1 2,1 2 , 1 r 1 . 2 ¥vV 

=-m e v +-m r v +- -mi - 

2 e 2 c 2 |_2 Kr) 

= 1 " 


The final mechanical energy of the system is entirely gravitational 
because the system is momentarily at rest: 

E f =K f -HJ f =0 +m e gd - m c gd 


where we have recognized that the elevator car goes up by the 
same distance d that the counterweight goes down. Setting the 
initial and final energies of the system equal to each other, we 
have 

^m e +m c +^-m s j \/ 2 =(m e -m c )gd 

| {[800 kg +n(80.0 kg)] +950 kg +140 kg}(3.00 m/s) 2 

=[800 kg +n (80.0 kg)- 950 kg](9.80 m/s 2 )d 

d=(l890+80n)f-°^-l 
_ \80n-150 / 

(b) For n =2: d =(1890 +80.0x l )-.— °' 459m —r =194.1 ml 

(80.0x2-150) 1 - 1 

(c) For n =12: d =(1890+80.0x12) 7 -°' 459 m -r=|l.62m| 

(80.0x12-150) 1 - 1 

(d) For n =0: d=(l890 +80.0x0) , °' 459 m x =|-5.79 m| 

' (80.0x0-150) 1 - 1 

(e) 

(f) 

(g) For n->°<=, d^ 80n(o.459 m)/(80n fc(0.459 m 


[The raising car will coast to a stop only for n >2] 

For n =0 or n =1, the mass of the elevator is less than the counter¬ 
weight, so the car would accelerate upward if released. 
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P10.69 


P10.70 


(a) We find the angular speed by integrating the angular 

acceleration, which is given as a =-10.0 - 5.00t =—, where a is 

dt 

in rad/s 2 and t is in seconds: 

Aco - J da) = J [—10.0 — 5.00t] dt 

65.0 0 

CO - 65.0 = -lO.Ot- 2.50 f co = 65.0 - lO.Ot- 2.50 t 2 

where co is in rad/s and t is in seconds. 

For t = 3.00s: co =65.0-10.0(3.00)-2.50(3.00 f = | 12.5rad/s.| 

(b) co =^| =65.0 rad/s-(lO.O rad/s 2 )t-(2.50 rad/s 3 )! 2 
Suppressing units, 

A6 = jcodt = J[65.0 - lO.Ot- 2.50^ ] dt 

0 0 

AO =65.0t-5.00 f - (2.50/3 Jt 3 
AO =65.0t-5.00t 2 -0.833t 3 
At t = 3.00 s, 

AO =(65.0 rad/s)(3.00 s)-(5.00 rad/s 2 )(9.00 s 2 ) 

-(0.833 rad/s 3 )(27.0 s 3 ) 

AO = | 128 rad | 

(a) We find the angular speed by integrating the angular 
acceleration, which is given as a(t ) =A +Bt =~^ > where the shaft 
is turning at angular speed co at time t = 0. 

<0(t) t 

A(y = J dco =J[/4 +Bt]dt 

©(0) 0 

«(t)-(y(0) =At+^Bf, and «(0) =co 

cH 1 

(b) -=co+At+-Bf 

dt 2 


co(t) =co +At+^Bt 1 
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=Jo(f)dt=J a 

0 0 - 


+At+-Bf \dt 


*P10.71 The resistive force on each ball is R =DpAv l . Here v =rco, where r is 
the radius of each ball's path. The resistive torque on each ball is 
t =rR, so the total resistive torque on the three-ball system is 
T tota i =3 rR. 


The power required to maintain a constant rotation rate is 
P — T tota] 6J =3rRco. This required power may be written as 

P =T total ® =3r[DpA[rcof~\co =[3r 3 DAco 3 )p 

with 

_2n rad (lb 3 rev Vl min \ _1 OOOtt 
03 1 rev ^ 1 min 60.0 s/ 30.0 

Then 


P =3(0.100 m) 3 (0.600)(4.00x KT 4 m 2 ){ p 
V 30.0 s ) 

or P =(0.827 m 5 /s 3 ) p, where p is the density of the resisting 
medium. 


(a) In air, p =1.20 kg/m 3 , and 

P =(o.827 m 5 /s 3 )(l.20 kg/m 3 ) =0.992 N • m/s = j^9g2 Vf j| 

(b) In water, p =1000 kg/m 3 and P = | 827 W J . 

!f 'P10.72 Consider the total weight of each hand to act at the center of gravity 
(midpoint) of that hand. Then the total torque (taking CCW as 
positive) of these hands about the center of the clock is given by 

* =- m / 1 9 , (y)sin6 h -m m gf(^ L )sin6 m 

=-^(m h L h sm6 h +rn m L m srnQ m ) 

If we take t = 0 at 12 o'clock, then the angular positions of the hands at 



co m =2n rad/h. Therefore, 
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r =(-4.90 m/s 2 ) 

x |j60.0 kg)(2.70 m)sin|^J +(l00 kg)(4.50 m)sin2;rtj 

or r =(-794 N-m)|^sin|^J +2.78sin2/rtj, where t is in hours, 

(a) (i) At 3:00, t = 3.00 h, so 

r =(-794 N-m)|^sin(|) +2.78sin6^j = | -794 N ■ m~| 

15 

(ii) At 5:15, t =5 h +— h =5.25 h, and substitution gives: 


T = | -2 510 N • m | 

(iii) At6:00, T = | ON-m | 

(iv) At 8:20, t =1 -1160 N-m I 


(v) At 9:45, r= 2940 N-m 


(b) The total torque is zero at those times when 
sin(—1+2.78 sin 2^t =0 


We proceed numerically, to find 0, 0.515 295 5,..., corresponding 


to the times 





12 :00:00 

12:30:55 

12:58:19 

1:32:31 

1:57:01 

2:33:25 

2:56:29 

3:33:22 

3:56:55 

4:32:24 

4:58:14 

5:30:52 

6 :00:00 

6:29:08 

7:01:46 

7:27:36 

8:03:05 

8:26:38 

9:03:31 

9:26:35 

10:02:59 

10:27:29 

11:01:41 

11:29:05 
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P10.73 


(a) Since only conservative forces are acting 
on the bar, we have conservation of 
energy of the bar-Earth system: 

K, + U i =K f +U f 



Force 

Diagram 


For evaluation of the gravitational energy 
of the system, a rigid body can be 
modeled as a particle at its center of mass. 
Take the zero configuration for potential 
energy for the bar-Earth system with the 
bar horizontal. 



Motion 

Diagram 


ANS. FIG. P10.73 


Under these conditions, U f = 0 and U, =MgL / 2. 


Using the conservation of energy equation above, 

0 +^MgL=hco 2 f and co f =jMgL/l 

For a bar rotating about an axis through one end, / = M L 2 /3. 
Therefore, 



Note that we have chosen clockwise rotation as positive, 
(b) =/a: and a = |^| 


(c) a,=-a c =-r<=-(f)(^)=-f 

Since this is centripetal acceleration, it is directed along the 
negative horizontal. 


L 3 g 
=-a, =-ra =—a =—- 
' f 2 4 
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(d) The pivot exerts a force F on the rod. Using Newton's second 
law, we find 

F x =Ma x =-^Mg 

F y -Mg =Ma y =-|wg-> F y =Mg-|wg =^Mg 
F=Ma=-|wgi+-i-Mgj 

P10.74 We assume that air resistance has a negligible effect on a drop so that 
mechanical energy is conserved in the drop-Earth system. The first 
drop leaving the wheel has a velocity i/ 1 directed upward. The 
magnitude of this velocity is found from 
K i MJ gi =K f MJ gf 

+0 =0 +mgh 1 

so =^2gf\ =^/2(9.80 m/s 2 )(0.540 m) =3.25 m/s 

Similarly, the second drop has a velocity given by 

v 2 =^2gf\ =^2(9.80 m/s 2 )(0.510 m) =3.16 m/s 


From 0 ) =—, we find 

r 


and 


_v 1 _3.25 m/s _ 

1 ~~r ~ 0.381 m ^ 

_v 2 _3.16 m/s 
2 ~ r ~ 0.381 m ~~ 

_(8.29 rad/s) 2 -(8.53 rad/s) 2 


=8.53 rad/s 
=8.29 rad/s 


1A6 


4 n 


\ -0.322 rad/s 2 


We assume that air resistance has a negligible effect on a drop so that 
mechanical energy is conserved in the drop-Earth system. At the 
instant it comes off the wheel, the first drop has a velocity V 1 directed 
upward. The magnitude of this velocity is found from 
K , Ul ni =K f +U nf 


-mvl+0 =0 +mgh 1 or v 1 =^2 gh 2 
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P10.76 


P10.77 


The angular velocity of the wheel at the instant the first drop leaves is 


R 


R 2 


Similarly for the second drop: v 2 = y j2gh 1 and co 2 =~ 
The angular acceleration of the wheel is then 


co 2 — co 2 2gh 2 /R 2 -2gh l /R 2 


2A e 


2(2 n) 




(a) Modeling the Earth as a sphere, its rotational kinetic energy is 


=i[II 5 ' 98X l° 2 * k s)( 6 - 37xl ° 6 m ) 

= | 2.57 x 10 29 ^~| 


2 n | 
86 400 s 


(b) The change in rotational kinetic energy is found by differentiating 
the equation for rotational kinetic energy with respect to time: 


dK = d\ If 
dt dt|_2l 


!«"')(¥) 


=| MR 2 (2^ ) 2 (-2T- 3 ) ^ 

=f-(¥Ky)f=<y)f 

Substituting, 


^=(2.57xl0 29 j)| 
dt v ' 86400s 


f- 

13 - 


10 x 10 s 


16xl0 7 s 


(86 400 s/day) 


= | -1.63 xlO 17 J/day | 

(a) We apply the |particle under a net force| 2.oom/s 2 


model to each block. 


(b) We apply the 

| rigid object under a net torque] model 
to the pulley. 



ANS. FIG. P10.77 
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(c) We use X F = ma for each block to find each string tension. The 
forces acting on the 15-kg block are its weight, the normal 
support from the incline, and T v Taking the positive X axis as 
directed up the incline, 

'LF X = ma x yields: ~{ m i9) x + 7"i = m i( +a ) 

Solving and substituting known values, we have 

7, =m 1 (-te) +(m 1 gt) x 

=(l5.0 kg)(2.00 m/s 2 ) +(l5.0 kg)(9.80 m/s 2 ) sin37.0° 
= | 118 N| 

(d) Similarly, for the counterweight, we have 

XF y =ma y or T 2 -m 2 g =m 2 (-a) 


7 2 =m 2 g +m 2 (-a) 

=(20.0 kg)( 9 .80 m/s 2 )+(20.0 kg)(-2.00 m/s 2 ) 
= | 156 N| 

(e) Now for the pulley, 

Xr = r(T 2 -7 1 ) = lcc=la/r 

80 ,= 7 ^- r >> 


(f) 


where we have chosen to call clockwise positive. 
Computing from above, the pulley's rotational inertia is 


f=^(r 2 -r,) 


_(l56 N-118 N)(0.250 m) 2 
2.00 m/s 2 


=| 1.17 kg m T 


P10.78 Choosing positive linear quantities to be 

downwards and positive angular quantities to be 
clockwise, XF y =ma y yields 

XF =Mg-TM =a or a = Mg ~ T 
M 

= / cc then becomes 

Xt =TR =la =—MR 2 {— ) so a=— 
2 \R) M 



ANS. FIG. P10.78 
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(a) Setting these two expressions equal, 

and 7=1 
M M l 

(b) Substituting back, 

27 2 Mg fTI 

a= ~M = ~3M~ or a= ||3 

(c) Since =0 and a g, \/ f =i^ +2 ah gives us v\ =0 +2^ gjb. 



(d) Now we verify this answer. Requiring conservation of mechanical 
energy for the disk-Earth system, we have 

U i + K rot , i + K tram , i = U f + K IotJ+ K tianS/f 


mgh +0 +0 =0 +-lco 2 +-mv 2 
2 2 

mgh R 2 jco 2 +^M v 2 


When there is no slipping, co and v = 

| The answer is the same] 

P10.79 The block and end of the spring are pulled a 
distance d up the incline and then released. 

The angular speed of the reel and the speed 
of the block are related by v=coR. The 
block-reel-Earth system is isolated, so 

AK +AU =0 -> K f - K ( +U f - 1/, =( 

. f , ANS. FIG. P10.79 

^mv 2 -o)+lh(o 2 -o) 

+(0-mgdsm0)+^0-^kd 2 ^j =0 




^co 2 (l +mR 2 ) =mgd sin 6 +^kd 2 
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P10.80 


P10.81 


ImgdsmO +kd 2 
I +mR 2 

The center of gravity of the uniform board is at its 
middle. For the board just starting to move, 

=la: 

mg^^jcosO =^rrU 2 ^ja 
a =|^|jcose ANS.FIG.P10.80 

3 

The tangential acceleration of the end is a t =£a =— geos 6 

3 

and its vertical component is By =a t cos6 =— gc os 2 6. 

If this is greater than g, the board will pull ahead of the falling ball: 

( a ) ^ geos 2 6 > g gives cos 2 Q > ^ so cos6 > and \d < 35.3° 1 

(b) When 0 =35.3°, the cup will land underneath the release point of 
the ball if r c =£cos6. 

When £ =1.00 m and 6 =35.3°, 
r c =1.00 m^| =0.816 m 
so the cup should be 

£ - r c =1.00 m- 0.816 m = | 0.184 m from the moving end | 

For the isolated sphere-Earth system, energy is conserved, 
so 

A U +A/C rot +A/C trans =0 

mg[R -r)(cos0-l) + ^mv 2 -0 +^j |mr 2 \ro 2 =0 
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P10.82 


Substituting V=rco, we obtain 

mg[R -r)(cos0-l)+^m(r£9) 2 -oj+^|mr 2 jffl 2 =0 
mg[R -r)(cos0-l)+^+|Jmr 2 £9 2 =0 



(a) From the particle under a net force model in the X 
direction, we have 

lF x =F + f=Ma CM 

From the particle under a net torque model, 

=FR - fR =la 



w 


ANS. FIG. P10.82 


Combining the two equations, and noting that / =— MR 2 , gives 


FR-(Ma OA -F)R =!%*- 


_ 4 F 

3 M 


(b) Assuming friction is to the right, then 

f+f ^ =M S 


( 4F 3 ^ 

1 

- - F = 

-F 

v3M J 

3 


The facts that (1) we assumed that friction is to the right in Figure 
P10.82 and (2) our value for f comes out positive indicate that the 
friction force must indeed be to the right. 
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P10.83 


(c) From the kinematic equations, 
>4=vf+2 e(x,-x) 

=0+2 ad 


or 


v f =y/2ad = 



(a) A/C rot +A/C trans +AU =0 

Note that initially the center of mass of 
the sphere is slightly higher than the 
distance h above the bottom of the 
loop; and as the mass reaches the top 
of the loop, this distance above the 
reference level is 2 R - r, but we are told 
that r « R, so we ignore r when 
considering heights for the gravitational 



ANS. FIG. P10.83 


potential energy of the sphere-Earth system. The conservation of 
energy requirement gives 

mgh =mg[lR ) +^mv 2 +hco 2 


For the sphere / =—mr 2 and v=rco, so that the expression 
becomes 


gh=2gR + \ 2 [1] 

Note that h = h min when the speed of the sphere at the top of the 
loop satisfies the condition 

V- r ^ 2 n 

XF =mg =—^~ or v =gR 

Substituting this into equation [1] gives 

fu =2R +0.700R or |^, =2.70R| 

(b) When the sphere is initially at h = 3R and finally at point P, the 
conservation of energy equation gives 


mg3R =mgR +^mv 2 +^mv 2 ,or v 2 =^Rg 
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Turning clockwise as it rolls without slipping past point P, the 
sphere is slowing down with counterclockwise angular 
acceleration caused by the torque of an upward force f of static 
friction. We have 


P10.84 


XF y =ma y 


f -mg =-mar 


and Xt =la -> fr =|^-J mr 2 a. 

Eliminating fby substitution yields 
_5g 


7r 


so that 


5 

--mg 


The length of the rod is L, and the horizontal force is applied the 
vertical distance L from the hinge. Consider the free-body diagram 
shown. The sum of torques about the chosen pivot is 


Xt =la=>F =(^mL : 




■mL I a rN 


(a) l =L =1.24 m: In this case, equation [1] becomes 

3 F 3(l4.7 n) r—— ty] 

a CM =— =—?-r = 35.0 m/s 

CM 2m 2(0.630 kg) 1 --— 1 


CM 


F = 14.7N 

ANS. FIG. P10.84 


mg 


(b) We apply the particle under a net force model in the horizontal 
direction (see ANS. FIG. P10.84 for the labelling of forces): 

IF X =ma CM ^F+H x =ma CM 
or H x =ma CM - F 
Thus, 

H x =(o.630 kg)(35.0 m/s 2 )-14.7 N =+7.35 N 


[ 1 ] 
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or H x = 7.35i N 


(c) With l =—L =0.620 m, equation [1] yields 

_3F _ 3(14.7 N) 

~4 m ~ 4(0.630 kg) " 

(d) Again, X F x =ma CM => H x =ma CM - F, so 

H x =(o.630 kg)(l7.5 m/s 2 )-14.7 N =-3.68 N 


or H = -3.68i N 


(e) If H x =0, then £F X =ma CM =>F =ma CM , or a CM =^. 
Thus, equation [1] becomes 



2 2 

so l =—L =—(l.24 m) = |0.827 m (from the top)| 

P10.85 Note that when the CM of the falling rod is very near the surface, the 
velocity of the end of the rod in contact with the surface is a 
combination of the downward motion of the CM and the upward 
motion of the rotating end: V end = V CM - cor. Because the velocity of this 
end relative to the surface is zero, 

'/end = Wm -to[h/2) =0 V CM =co[h/2)t 


(a) There are no horizontal forces acting on the rod, so the center of 
mass (CM) will not move horizontally. Rather, the center of mass 
drops straight downward (distance h/2) with the rod rotating 
about the center of mass as it falls. 

From conservation of energy: 

^M\4 m +^lco 2 +0 =0 +Mg^j or 


-Mv* +- — Mb 2 
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which reduces to 



(b) In this case, the motion is a pure rotation about a fixed pivot point 
(the lower end of the rod) with the center of mass moving in a 
circular path of radius h/2. From conservation of energy: 

K f -HJ„ =K. +U. 

f gf i g 


^Ico 2 +0 =0 +Mg^j or 
which reduces to 



P10.86 


The grape-Earth system is isolated, so 
mechanical energy in that system is 
conserved. Between top of the 
clown's head and the point where the 
grape leaves the surface: 



K. +U. =K f +U f 
0 +mgAy =^mv 2 +^lco 2 +0 
mgR (1 — cos 0 ) 




ANS. FIG. P10.86 


which gives 



[ 1 ] 


Consider the radial forces acting on the grape: 

mv 2 

mgcosd-n =—^~ 
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At the point where the grape leaves the surface, n—> 0. Thus, 

mv 2 f v 2 f 

mgcos6=—— or —=gcos6 

Substituting this into equation [1] gives 
7 

g- gcosd =—gcosd 
or 6 =cos~ 1 |^j = |54.0°1 


Challenge Problems 

P10.87 Refer to the force diagrams for the plank and rollers in ANS. FIG. 
P10.87(b) below. Call f t the frictional force exerted by each roller 
backward on the plank. Name as f h the rolling resistance exerted 
backward by the ground on each roller. 



ANS. FIG. P10.87(a) 

For the plank, 

; ZF x =ma x : 6.00 N-2 f t =(6.00kg)a p [1] 

If we think of the motion of a roller as a small rotation about its point 
of contact with the surface, we see that the center of each roller moves 
forward only half as far as the plank. 

a 

Each roller has acceleration JL and angular acceleration 
2 

a p/ 2 _ 4 

5.00 cm 0.100 m 

Then for each, 

IF x =ma x : +f t -f„=(2.00kg)^ [2] 
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=lcc: 

f t (5.00 cm) + 4(5.00 cm) =-(2.00 kg) (5.00 cm) 2 ——— 
1 b\ 1 2 \ o i\ / 100cm 


So + 

Add equations [2] and [3] to eliminate f b : 2 f t =( 1.50 kg)a p 

(a) Substituting the value for 2 f t into equation [1] gives 
6.00 N-(l.50 kg)a p =(6.00kg)a p 
6.00 N 


7.50 kg 


= 0.800 m/s 2 


(b) For each roller, a =-^ = | 0.400 m/s 2 1 

(c) Substituting back, 

2 f t =(l.50 kg)(0.800 m/s 2 ) 

4 = 0.600 Nf 

then, from equation [3], 

0.600 N + 4 =(j kg j(0.800 m/s 2 ) 

4 =-0.200 N 

The negative sign means that the horizontal force of ground on 
each roller is |f).200 N forward | rather than backward as we 
assumed. 




ANS. FIG. P10.87(b) 


[ 3 ] 
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P10.88 For large energy storage at a _ »cm 

particular rotation rate, we want a ^jp , (^), ( \ (Q}) ~|i8cm 

large moment of inertia. To combine 

this requirement with small mass, we cross-sectional face-on view general view 
place the mass as far away from the ANS. FIG. P10.88 

axis as possible. 

We choose to make the flywheel as a hollow cylinder 18.0 cm in 
diameter and 8.00 cm long. To support this rim, we place a disk across 
its center. We assume that a disk 2.00 cm thick will be sturdy enough 
to support the hollow cylinder securely. 

The one remaining adjustable parameter is the thickness of the wall of 
the hollow cylinder. From Table 10.2, the moment of inertia can be 
written as 

Uisk hollow cylinder = 2 ^disk^disk +' ^ ^ waU (^outer inner ) 

=\pv d ^L, +|p^(fiL, +R L.) 

=jX R2 ou ter (2.00 cm)K 0 2 uter [/T ^outer - 71 ^ inner ] 

x(6.00 cm)(R 0 2 uter +Rf nner ) 

= ~[(9.00 cm) 4 (2.00 cm) 

+(6.00 cm)[(9.00 cm ) 2 -^Ler][(9-00 cm) 2 +RLer]] 

=p7T |^6 561 cm 5 +(3.00 cm )((9.00 cm) 4 -RP r )J 
=pn [26 244 cm 5 - (3.00 cm)/C er ] 

For the required energy storage, 
h(o\ =hco 2 2 +W mt 

=60.0 J 
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_ 60.0 J 
1535/s 2 

=(7.85 xlO 3 kg/m 3 )n [26 244 cm 5 -(3.00 cm)R^ er ] 

1.58 x 10~ 5 m 5 f 100 Cm l =26 244 cm 5 - (3.00 cm)R 4 r 
V Im J 

n f 26 244 cm 4 -15 827 cm 4 V /4 

R jnnpr = - =7.68 Cm 

mner [ 3.00 J 

The inner radius of the flywheel is 7.68 cm. The mass of the flywheel is 
then 7.27 kg, found as follows: 

M+M wal] =p^R/ uter (2.00 cm) 

+p\_nRl utei - 7r^L er ](6.00 cm) 

=(7.86xlO 3 kg/m 3 )tt 

[(0.090 m) 2 (0.020 m) 

+[(0.090 m) 2 -(0.076 8 m) 2 ](0.060 m)] 

=7.27 kg 

If we made the thickness of the disk somewhat less than 2.00 cm and 
the inner radius of the cylindrical wall less than 7.68 cm to compensate, 
the mass could be a bit less than 7.27 kg. 

The flywheel can be shaped like a cup or open barrel, 9.00 cm in outer 
radius and 7.68 cm in inner radius, with its wall 6 cm high, and with 
its bottom forming a disk 2.00 cm thick and 9.00 cm in radius. It is 
mounted to the crankshaft at the center of this disk and turns about its 
axis of symmetry. Its mass is 7.27 kg. If the disk were made somewhat 
thinner and the barrel wall thicker, the mass could be smaller. 

P10.89 (a) At t = 0, co =3.50 rad/s =(o 0 &. Thus, |co 0 =3.50 rad/s | . 

At t = 9.30 s, co =2.00 rad/s =co 0 e _ff(930s) . 

We now calculate o \ To solve co =co 0 e at for o, we recall that 
the natural logarithm function is the inverse of the exponential 
function. 

co/co 0 =e~ at becomes \n(co/ca 0 ) =-ot or In (co 0 /co) =-kit 
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(b) At all times. 



At t = 3.00 s. 


a =-(0.060 2 s“ 1 )(3.50 rad/s)e fl181 = |-0.176 rad/V] 

(c) From the given equation, we have dd =a>g dt 


and 



Substituting and solving. 


0= -58.2(0.860 -1) rad = 8.12 rad 


or 9=(8.12rad)(^^)= H29T^1 


(d) The motion continues to a finite limit, as co approaches zero and t 
goes to infinity. From part (c), the total angular displacement is 



Substituting, 


:te)(58.2rad)=^^ 


0 =58.2 rad or 0 =1 


P10.90 (a) If we number the loops of the spiral track with an index n, with 


the innermost loop having n = 0, the radii of subsequent loops as 
we move outward on the disc is given by r = r, + /in. Along a 
given radial line, each new loop is reached by rotating the disc 
through 2k rad. Therefore, the ratio 6/271 is the number of 
revolutions of the disc to get to a certain loop. This is also the 
number of that loop, so n =6/2k. Therefore, r =/ +hd/2n. 

(b) Starting from co =v/r, we substitute the definition of angular 
speed on the left and the result for r from part (a) on the right: 


_v dd _ v 
03 dt r t +[hd/2n) 
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Rotation of a Rigid Object About a Fixed Axis 


P10.91 


(c) Rearrange terms in preparation for integrating both sides: 

r. +— 0 \d9 =vdt 

lK J 

and integrate from 9 =0 to 0=0 and from t = 0 to t = t: 
h , 

nO +— 0 2 =vt 

4 n 

We rearrange this equation to form a standard quadratic equation 
in Q-. 


— 0 2 +n0-vt= 0 
4 K 

The solution to this equation is 

-r, ± lr; 2 + -vt 
n = _ V . K = 


Jl 

In 

where we have chosen the positive root in order to make the 
angle 0 positive. 

(d) We differentiate the result in (c) twice with respect to time to find 
the angular acceleration, resulting in 


hv 2 

2nrf 

h$>; 

3/2 

1 


Where we have used —yfu =—^=—. Because this expression 

dx l^Judx 

involves the time t, the angular acceleration is not constant. 

( a ) TjF x =ma x reads -f +T =ma. If we take torques 

around the center of mass, we can use =1 a, ff 

which reads +fR 2 -TR l =la. For rolling 

without slipping, a =—. By 

R 2 

substitution. 



ANS. FIG. P10.91 
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P10.92 


P10.93 


fRlm-TRfi.m =IT-lf 
f(l +mR 2 2 )=T(l +mR 1 R 2 ) 

t , +mR,R^ 


I +mR 2 

(b) Since the answer is positive, the friction force is confirmed to be 
[to the left | . 

(a) From the isolated system model for the block-pulley-Earth 
system, 

AK +A U +AE int =0 

^-oj+j^-o) +(o~M gdsm0) + fd =0 
v 2 - M gdsmO +(pM gcosd)d =0 


V= J : 


4M gd(sin 6 - pcosO) 


2 M +m 

(b) From the particle under constant acceleration model for the block, 
v 2 f =v 2 +2 ad 


2d 2d 


2M g(smO-pcosd) 


The location of the dog is described by 0 d =(0.750 rad/s)t. For the 
bone, 

0 . =—2 n rad +—0.015 rad/s 2 f 
b 3 2 

(a) We look for a solution to (suppressing units) 


0 = 0.007 5f-0.75t+ 2.09 = 0 

0.75 ± a /0.75 2 - 4(0.007 5)2.09 

t= - a -1- 1 -= 2.88 s or 97.1s 

0.015 

The first time the dog reaches the bone is |2.88 sj 
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P10.94 


(b) If the dog passes the bone, he must run around the merry-go- 
round again. The dog will draw even with the bone when 

0 .75t=— +2 n +0.007 5f ■ 

3 

Solving this equation, we find (suppressing units) 

0.75 ± JO.75 2 - 4(0.0075)8.38 

t= -^-----= 12.8 s or 87.2 s 

0.015 

The dog draws even with the bone again at the time of 112.8 s.| 


z f will oppose the torque due to the hanging object: 

X z=la=TR-z f : z f =TR-la [1] 

Now find T, /, and a in given or known terms and 
substitute into equation [1], 


also. 


and 


with 


£F y =T -mg =-ma: T =m(g-a) 


Ay =v j t+— a 


.2y 

e 


a 


a _2y 

R ~Rf 


I =—M 
2 



=-MR 2 

8 


[ 2 ] 

[3] 



R/2 y 

1 

ANS. FIG. P10.94 


[4] 

[5] 


Substituting [2], [3], [4], and [5] into [1], we find 


*, =Jg- 2 y\- 5 - MR J y] = f 


f { t 2 ) 8 Rt 2 

.1 t J 4 t 2 J 
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lNSWERS to even-numbered problems 


P10.2 

P10.4 

P10.6 

P10.8 

P10.10 


P10.12 

P10.14 


P10.16 

P10.18 

P10.20 

P10.22 


(a) 0.209 rad/s 2 ; (b) yes 
144 rad 

-2.26 x 10 2 rad/s 2 

(a) 3.5 rad; (b) increase by a factor of 4 

Because the disk's average angular speed does not match the average 
angular speed expressed as («, +oj f )/2 in the model of a rigid object 
under constant angular acceleration, the angular acceleration of the 
disk cannot be constant. 

50.0 rev 


(a) 



(b) 1.16 cm; (c) The deflection is only 0.02% of the 


original height, so it is negligible in many practical cases; (d) Decrease 
~10 7 rev/yr 

(a) 0.605 m/s; (b) 17.3 rad/s; (c) 5.82 m/s; (d) We did not need to know 
the length of the pedal cranks. 

(a) 54.3 rev; (b) 12.1 rev/s 

(a) 5.77 cm; (b) Yes. See P10.20 for full explanation. 


P10.24 -Vl +n 2 

9 

P10.26 (a) (-2.73i +1.24j) m; (b) It is in the second quadrant, at 156°; 

(c) (-l.85i-4.10j) m/s; (d) It is moving toward the third quadrant, at 
246°; (e) (6.15i-2.78j) m/s 2 ; (f) See ANS. FIG. P10.26; 

(g) (24.6i-ll.lj) N 
P10.28 168 N • m 

P10.30 (a) 1.03 s; (b) 10.3 rev 

P10.32 (a) See ANS. FIG. P10.32; (b) 0.309 m/s 2 ; (c) Ti = 7.67 N, T 2 = 9.22 N 

P10.34 (a) For F = 25.1 N, R = 1.00 m. For F = 10.0 N,R= 25.1 m; (b) No. 

Infinitely many pairs of values that satisfy this requirement may exist: 
for any F < 50.0 N, R = 25.1 N ■ m/F, as long as R < 3.00 m. 
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P10.36 (a) 1.95 s; (b) If the pulley were massless, the acceleration would be 

larger by a factor 35/32.5 and the time short by the square root of the 
factor 32.5/35. That is, the time would be reduced by 3.64%. 

P10.38 10° kg • m 2 = 1 kg - m 2 

P10.40 (a) See P10.40(a) for full description; (b) See P10.40(b) for full 

description 

P10.42 l v , = [ r 2 dm = \ L x 2 —dx =——\ =-ML 2 

y JaUmass J 0 /_ L 3 | Q 3 

P10.44 (a) 92.0 kg-m 2 ; (b) 184 J; (c) 6.00 m/s, 4.00 m/s, 8.00 m/s; (d) 184 J; 

(e) The kinetic energies computed in parts (b) and (d) are the same. 


P10.46 

P10.48 

P10.50 


— MR 2 co 2 
24 

276 J 

ftfa-mjgh 

v -r 

\ m i +m 2 +^2 


and co = 


I 


2 (m 1 -m 2 )gh 

mft 2 +m 2 R 2 +i 


P10.52 The situation is impossible because the range is only 3.86 km, not city¬ 
wide. 


P10.54 (a) 6.90 J; (b) 8.73 rad/s; (c) 2.44 m/s; (d) The speed it attains in 

swinging is greater by 1.043 2 times 


P10.56 



P10.58 (a) 74.3 W; (b) 401 W 

P10.60 rolling: V f =^Jl0gh/ 7; sliding: V f —^]2gh; The time to roll is longer by 
a factor of (0.7/0.5) 172 = 1.18 

P10.62 (a) the cylinder; (b) \/ 2 /4gsin0; (c) The cylinder does not lose 

mechanical energy because static friction does not work on it. Its 
rotation means that it has 50% more kinetic energy than the cube at the 
start, and so it travels 50% farther up the incline. 

P10.64 (a) 2.38 m/s; (b) The centripetal acceleration at the top is 

\F (2.38 m/s) 2 , 

— =-=12.6 m/s >g. Thus, the ball must be in contact 

r 0.450 m 

with the track, with the track pushing downward on it; (c) 4.31 m/s; 

(d) A /-1.40m 2 /s 2 ; (e) never makes it to the top of the loop 
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P10.66 — the length of the chimney 

3 

P10.68 (a) d=(l890 +80n)[^ 8 ^ 59 ^ j;(b) 94.1 m; (c) 1.62 m; (d) -5.79 m; 

(e) The rising car will coast to a stop only for n > 2; (f) For n = 0 or n = 1, 
the mass of the elevator is less than the counterweight, so the car 
would accelerate upward if released; (g) 0.459 m 

P10.70 colt) =co +At+-Bf ; (b) cot+-A? T-St 3 
' ' 2 2 6 

P10.72 (a) (i) -794 N • m, (ii) -2 510 N • m, (iii) 0 N • m, (iv) -1 160 N • m, 

(v) 2 940 N • m; (b) See P10.72(b) for full description. 

P10.74 -0.322 rad/s 2 


P10.76 

P10.78 

P10.80 

P10.82 

P10.84 

P10.86 

P10.88 

P10.90 


P10.92 

P10.94 


(a) 2.57 x 10 29 J; (b)—1.63 x 10 17 J/day 
(a) M g/ 3; (b) 2g/3; (c) ^j4gh/3 ; (d) The answer is the same. 

(a) 0 < 35.5°; (b) 0.184 m from the moving end 

(a)^=f;(t)iF;(c, 

(a) 35.0 m/s 2 ; (b) 7.35i N; (c) 17.5 m/s 2 ; (d) -3.68i N; (e) 0.827 m (from 
the top) 

54.0° 



See P10.88 for full design and specifications of flywheel. 

(a) See P10.90(a) for full solution; (b) See P10.90(g) for full solution; 


(c)- 




hv 1 


Inrfll+^t 
nr 


(a) See P10.92(a) for full explanation; (b) 2Mg(sin0 ^ cos0) 

2 M +m 


R 



5 My 

4 t 2 
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OQ11.3 

OQ11.4 

OQ11.5 

OQ11.6 


OQ11.7 


OQ11.8 


north, the fixed axle prevents the turntable from moving south, 
(v) Yes. Angular momentum is constant, with the value of zero. 

(i) Answer (a), (ii) Answer (e), (3 m, down) x (2 N, toward you) = 

6 N • m, left 

Answer c = e>b = d>a = 0. The unit vectors have magnitude 1, so 
the magnitude of each cross product is 11 • 1 • sin 6 | where 0 is the 
angle between the factors. Thus for (a) the magnitude of the cross 
product is sin 0° = 0. For (b), | sin 135° | = 0.707, (c) sin 90° = 1, (d) sin 
45° = 0.707, (e) sin 90° = 1. 

(a) No. (b) No. An axis of rotation must be defined to calculate the 
torque acting on an object. The moment arm of each force is 
measured from the axis, so the value of the torque depends on the 
location of the axis. 

(i) Answer (e). Down-cross-left is away from you: -j x (-i) =-k, 
as in the first picture. 

(ii) Answer (d). Left-cross-down is toward you: -i x (-j) =k, as in 
the second picture. 



ANS FIG. OQ11.6 

(i) Answer (a). The angular momentum is constant. The moment of 
inertia decreases, so the angular speed must increase. 

(ii) No. Mechanical energy increases. The ponies must do work to 
push themselves inward. 

(iii) Yes. Momentum stays constant, with the value of zero. 

(iv) Yes. Angular momentum is constant with a nonzero value. No 
outside torque can influence rotation about the vertical axle. 

Answer (d). As long as no net external force, or torque, acts on the 

system, the linear and angular momentum of the system are 

constant. 
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lNSWERS to conceptual questions 


CQ11.1 


CQ11.2 


CQ11.3 


CQ11.4 


The star is isolated from any outside torques, so its angular 
momentum is conserved as it changes size. As the radius of the star 
decreases, its moment of inertia decreases, resulting in its angular 
speed increasing. 

The suitcase might contain a spinning gyroscope. If the gyroscope is 
spinning about an axis that is oriented horizontally passing through 
the bellhop, the force he applies to turn the corner results in a torque 
that could make the suitcase swing away. If the bellhop turns quickly 
enough, anything at all could be in the suitcase and need not be 
rotating. Since the suitcase is massive, it will tend to follow an 
inertial path. This could be perceived as the suitcase swinging away 
by the bellhop. 

The long pole has a large moment of inertia about an axis along the 
rope. An unbalanced torque will then produce only a small angular 
acceleration of the performer-pole system, to extend the time 
available for getting back in balance. To keep the center of mass 
above the rope, the performer can shift the pole left or right, instead 
of having to bend his body around. The pole sags down at the ends 
to lower the system's center of gravity. 


(a) 


(b) 


Frictional torque arises from kinetic friction between the inside 
of the roll and the child's fingers. As with all friction, the 
magnitude of the friction depends on the normal force between 
the surfaces in contact. As the roll unravels, the weight of the 
roll decreases, leading to a decrease in the frictional force, and, 
therefore, a decrease in the torque. 


As the radius R of the paper roll shrinks, the roll's angular 
speed 0 ) must increase because the speed v is constant. 


(c) If we think of the roll as a uniform disk, then its moment of 
inertia is / =^MR 2 . But the roll's mass is proportional to its 

base area nR 2 ; therefore, the moment of inertia is proportional 
to R 4 . The moment of inertia decreases as the roll shrinks. When 
the roll is given a sudden jerk, its angular acceleration may not 
be great enough to set the roll moving in step with the paper, so 
the paper breaks. The roll is most likely to break when its radius 
is large, when its moment of inertia is large, than when its 
radius is small, when its moment of inertia is small. 
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CQ11.5 

CQ11.6 

CQ11.7 

CQ11.8 

CQ11.9 

CQ11.10 

CQ11.11 


Work done by a torque results in a change in rotational kinetic 
energy about an axis. Work done by a force results in a change in 
translational kinetic energy. Work by either has the same units: 

1 / 1 / =FAx =[N ][m ] =N • m =J 

1/1/ = T A0 =[N • m][rad ] =N ■ m =J 

Suppose we look at the motorcycle moving to the right. Its drive 
wheel is turning clockwise. The wheel speeds up when it leaves the 
ground. No outside torque about its center of mass acts on the 
airborne cycle, so its angular momentum is conserved. As the drive 
wheel's clockwise angular momentum increases, the frame of the 
cycle acquires counterclockwise angular momentum. The cycle's 
front end moves up and its back end moves down. 

Its angular momentum about that axis is constant in time. You 
cannot conclude anything about the magnitude of the angular 
momentum. 

No. The angular momentum about any axis that does not lie along 
the instantaneous line of motion of the ball is nonzero. 

The Earth is an isolated system, so its angular momentum is 
conserved when the distribution of its mass changes. When its mass 
moves away from the axis of rotation, its moment of inertia increases, 
its angular speed decreases, so its period increases. Most of the mass 
of Earth would not move, so the effect would be small: we would not 
have more hours in a day, but more nanoseconds. 

As the cat falls, angular momentum must be conserved. Thus, if the 
upper half of the body twists in one direction, something must get an 
equal angular momentum in the opposite direction. Rotating the 
lower half of the body in the opposite direction satisfies the law of 
conservation of angular momentum. 

Energy bar charts are useful representations for keeping track of the 
various types of energy storage in a system: translational and 
rotational kinetic energy, various types of potential energy, and 
internal energy. However, there is only one type of angular 
momentum. Therefore, there is no need for bar charts when 
analyzing a physical situation in terms of angular momentum. 
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Section 11.1 The Vector Product and Torque 

i j k ^ 

Pll.l MxN =2 -3 1 =i(6 — 5) — j(—4 — 4) +k(10 +12) =| i +8.00j +22.0k | 
4 5-2 

P11.2 (a) area =1A x b| =ABsmO =(42.0 cm)(23.0 cm)sin(65.0°-15.0°) 


(b) The longer diagonal is equal to the sum of the two vectors. 

A +B =[(42.0 cm)cos 15.0°+(23.0 cm)cos65.0°]i 

+[(42.0 cm)]sin 15.0°+(23.0 cm)sin65.0°]j 

A +B =(50.3 cm)i +(31.7 cm)j 

length =|A +b| =^(50.3 cm) 2 +(31.7 cm) 2 = | 59.5 cm | 

We take the cross product of each term of A with each term of B, 
using the cross-product multiplication table for unit vectors. Then we 
use the identification of the magnitude of the cross product as 
A B sin 0 to find G. We assume the data are known to three significant 
digits. 

(a) We use the definition of the cross product and note that 

ixi = jx j =0: 

AxB =(li+2j)x(2i+3j) 

A x B =2i x i +3i x j - 4j x i +6j x j 

=0 +3k - 4 (-k) +0 = | 7.00k | 

(b) Since IA x b| =ABsm6, we have 
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P11.4 


P11.5 


P11.6 


|ixi| =l-lsinO° =0 

j x j and kxk are zero 
similarly since the vectors 
being multiplied are parallel. 

lix j| =1-1-sin 90° =1 


We first resolve all of 

the forces shown in 

Figure PI 1.5 into (30 N)cos45° 

components parallel to 

and perpendicular to (30 N)sin45° 

the beam as shown in 

ANS. FIG. PI 1.5. 

(a) The torque about an axis 
through point 0 is given by 


p zt 




ixj=k 
jxk 
kxi=j 


a jxi=-k 
► ® kxj = -i 
ixk=-i 


ANS. FIG. P11.4 

j i (25 N)cos30° 

(25 N) sin 30° (10N)cos20° 




(ION) sin 20° 


ANS. FIG. P11.5 


Tq =+[(25 N)cos30°](2.0 m) 

-[(10 N)sin20°](4.0 m)= | -BON -m] 

or r 0 = |30 N • m counterclockwise] 

(b) The torque about an axis through point C is given by 
r c =-{(30 N) sin 45 °] (2.0 m) 

- [(10 N)sin 20 °] (2.0 m) = |+36N-m| 


or t c = 36 N • m counterclockwise 


A B =-3.00(6.00) +7.00(-10.0) +(-4.00)(9.00) 

=-124 

AB =7(-3.00) 2 +(7.00) 2 +(-4.00 f 4(6.00 f +(-10.0) 2 +(9.00 f 
=127 

(a) cos" 1 =cos _1 (-0.979) =^6^ 
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P11.7 


P11.8 


(b) A x B = 


i j k 

-3.00 7.00 -4.001 

6.00 -10.0 9.00 


=23.0i +3.00 j - 12.0k 


| A x B| =^/(23.0) 2 +(3.00) 2 +(-12.0) 2 =26.1 

| =sin“ 1 (0.206) =| 11.9° | or 168° 


(c) Only | the first method ] gives the angle between the vectors 
unambiguously because sin(180° - 6 ) = sin 6 but cos (180° - 6) 
= - cos 6; in other words, the vectors can only be at most 180° 
apart and using the second method cannot distinguish 6 from 
180° -0. 


We are given the condition |A x b| =A ■ B. 
This says that ABsin 0 =ABcos6 
so tan0 = 1 

6 = | 45.0° | satisfies this condition. 


(a) The torque acting on the particle about the origin is 

i j k 

f =rxF =| 4 6 0 =i(0-0)-j(0-0)+k(8-18) 
3 2 0 


=| (-10.0 N m)k | 


(b) 


(c) 


Yes. The point or axis must be on the other side of the line of 
action of the force, and half as far from this line along which 
the force acts. Then the lever arm of the force about this new 
axis will be half as large and the force will produce counter¬ 
clockwise instead of clockwise torque. 

Yes. There are infinitely many such points, along a line that 
passes through the point described in (b) and parallel the 
line of action of the force. 


(d) | Yes, at the intersection of the line described in (c) and the y axis. | 
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(e) No, because there is only one point of intersection of the line 
described in (d) with the y axis. 

(f) Let (0, y) represent the coordinates of the special axis of rotation 
located on the y axis of Cartesian coordinates. Then the 
displacement from this point to the particle feeling the force is 
r new =4i +(6 - y) j in meters. The torque of the force about this 
new axis is 


P11.9 


f new 


j k 

6-y 0 
2 0 


=i(0-0)-j(0-0)+k(8-18+3y) 


=(-t5N-m)k 


Then, 

8-18 +3y =5 3y =15 -> y=5 


The position vector of the new axis is |5.00j m| 


(a) 


The lever arms of the forces about 0 are all the same, equal to 
length 0 D , L. 


If F 3 has a magnitude 




the net torque is zero: 


St =F 1 L +F 2 L - F 3 L =F 1 L +F 2 L - +F 2 )L =0 


(b) The torque produced by F 3 depends on the perpendicular 

distance 0 D, therefore translating the point of application of F 3 to 
any other point along B C | will not change the net torque | . 


B 
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P11.10 (a) | No. | 

(b) The cross-product vector must be perpendicular to both of the 
factors, so its dot product with either factor must be zero. To 
check: 

(2i — 3j +4k)(4i +3j-k) =(ii)8 +- 9(j- j)-4(kk) 
=8-9-4 =-5 

The answer is not zero. 


| No. The cross product could not work out that way. | 


Section 11.2 Analysis Model: Nonisolated System 
(Angular Momentum) 

Pll.ll Taking the geometric center of the compound object to be the pivot, 
the angular speed and the moment of inertia are 

a = v/r = (5.00 m/s)/0.500 m = 10.0 rad/s 

and 

/ =£mr 2 =(4.00 kg)(0.500 m) 2 +(3.00 kg)(0.500 m) 2 
=1.75 kg • m 2 

By the right-hand rule, we find that the angular velocity is directed out 
of the plane. So the object's angular momentum, with magnitude 

L = la = ( 1.75 kg• m 2 )(10.0 rad/s) 

is the vector 

| L =(l7.5 kg • m 2 /s)k | 
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P11.12 We use L =r x p: 

L =(l.50i +2.20 j) mx(l.50 kg)(4.20i-3.60j) m/s 
L =(-8.10k - 13.9k) kg-m 2 /s = | (-22.0 kg • m 2 /sjiT 


P11.13 We use L =r x p: 



i 

j k 

L = 

X 

y 0 


mv x 

mv y 0 

L = 

m[xv ) 

,-yvJk 


=i (0 - 0) - j (0 - 0) +k [mxv y - myv x ) 


P11.14 Whether we think of the Earth's surface as curved or flat, we interpret 
the problem to mean that the plane's line of flight extended is precisely 
tangent to the mountain at its peak, and nearly parallel to the wheat 
field. Let the positive X direction be eastward, positive y be northward, 
and positive Z be vertically upward. 

(a) r =(4.30 km)k =(4.30 x 10 3 m)k 

p =mv =(l2 000 kg)(-175i m/s) =-2.10x 10 6 i kg • m/s 

L=rxp =(4.30x 10 3 k m)x(-2.10x 10 6 i kg• m/s) 

= (-9.03 x 10 9 kg ■ m 2 /s) j 


P11.15 


(b) | No. | /. =|r||p|sin0 =mv(r sin#), and rsin 0is the altitude of the 
plane. Therefore, L = constant as the plane moves in level flight 
with constant velocity. 

(c) | Zero. | The position vector from Pike's Peak to the plane is anti¬ 
parallel to the velocity of the plane. That is, it is directed along the 
same line and opposite in direction. Thus, L = mvr sin 180° = 0. 


(a) | Zero | because L=rxp and r =0. 

(b) At the highest point of the trajectory, 

1 _ \zfsin20 

x=-R =—-and 

2 2 g 


Y=l\ ax 


(vismo) 2 

2 g 
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The angular momentum is then 
Lj =t x x mvj 

vfsmlO- (VjSmdf ~ 

— -1 +-1 

2g 2 g 

-mvfsinfl 2 cos0- 


2 g 


tv, = vj 




(c) L 2 =R i x mv 2/ where R 

y 

=mR i x (t/, cosd i - 1/, sin0 j) 
=-mR V: sin 0 k = 


ANS. FIG. P11.15 

vfsin20 _vf (2sin0cos0) 


(d) 


The downward force of gravity exerts a torque 
in the -Z direction. 


P11.16 We start with the particle under a net force model 
in the X and y directions: 

t * mv2 

X F x =ma x : T sm6 = - 


EF y =ma y : 


T cos 6 =mg 


„ sin# vF , sin0 

So -=— and v=rg - 

cos 6 rg v cos0 

then L =rmvsm90.0° =rmjrg^^- = m 2 gr 3 
V cos0 V 



ANS. FIG. P11.16 


sin# 

COS# 


and since r=£sin#, 
L 


- = Jm 2 g£ 3 


cosO 
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P11.17 The angular displacement of the particle around the circle is 

R 

The vector from the center of the circle to the mass is then 
R cos 6 i+RsmO j, where R is measured from the +X axis. 
The vector from point P to the mass is 


r =Ri +Rcos6 i +Rsmd j 



The velocity is 

*~%- n 

So 

L =r x mv 

L =mvR [(l +cos(yt)i +sin£ytj]x[-sin(yti +cos(ytj^] 




fvt} 


L = 

mvR 

H/tH 

k 


P11.18 (a) The net torque on the counterweight-cord-spool system is 

t =|r xf| -R mg sin 6 

x =8.00 x 10“ 2 m(4.00 kg)(9.80 m/s 2 )sin90.0° = [~3.14 N m | 

(b) L =Z|f xm ,v,| =Rmv +RM v =R(m+M )v 

L =(0.080 0 m)(4.00 kg +2.00 kg)v = |(0.480 kg• n^T] 

( C ) r=^=(0.480kg-m)a ^ 3.14 N-m = | 6 53 / 2 | 

' dt X 6 ' 0.480 kg • m 1 - L — 1 

P11.19 Differentiating ? =(6.00i +5.00tj m) with respect to time gives 

v =— =5.00j m/s 

at 

so p =mv =(2.00 kg)(5.00j m/s) =10.0j kg • m/s 
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P11.20 


P11.21 


i j k 

L =r x p = 6.00 5.00t 0 

0 10.0 0 


=| (60.0 kg-m 2 /sj^] 


(a) JJcfir = [W = r-0 =J 0 Wi +2t))dt = r = (6?/3)i +(2f/2)j 
= \2fi +f 2 j| m meters, where t is in seconds. 


(b) 


The particle starts from rest at the origin, starts moving into 
the first quadrant, and gains speed faster and faster while 
turning to move more and more nearly parallel to the X axis. 


(c) a =(dv/dt) =(d/dt)(6f i +2tj) =| (12t i+2 j) m/7~ 


(d) F =ma =(5 kg)(12t i +2 j) m/s 2 = |(60ti +10 j) n] 


(e) f =r x F =(2f 3 i +t 2 }) x (60fi +10 j) =20^ - 60^ 

= [-40f 3 k N-m| 

(f) L =f x mv =(5 kg)(2t 3 i +t 2 j) x (6t 2 i +2tj) =5(4t 4 k - 6t 4 k) 

= |-10f 4 k kg-m 2 /s| 

(g) K =|mv v =i(5 kg)(6t J i +2tj) (6t 2 i +2tj) =(2.5)(36t 4 +4t 2 ) 

= [(90t 4 +10t 2 )j| 

(h) P =(d/dt)( 90? H-lOt 2 ) J = |(360t 3 +20t)w| , all where t is in 
seconds. 

(a) The vector from P to the falling ball is 

f =r +v.t +—at 2 

' ' 2 

r =(^cos0 i +^sin0 j) +0-^gt 2 j j 

The velocity of the ball is 

v =v, +a t =0 - gt] ANS. FIG. P11.21 



So L=rx mv 
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n [tcosO i +£sin0 j) +0-^gt 2 j j x(-gtj) 


L =|-mgl t cosO k| 


(b) 


The Earth exerts a gravitational torque on the projectile in the 
negative Z direction. 


(c) Differentiating with respect to time, we have |-mgl cos 6 kj for 
the rate of change of angular momentum, which is also the torque 
due to the gravitational force on the ball. 


Section 11.3 Angular Momentum of a Rotating Rigid Object 
P11.22 The moment of inertia of the sphere about an axis through its center is 

/ =|mR 2 =|(l5.0 kg)(0.500 m ) 2 =1.50 kg-m 2 

Therefore, the magnitude of the angular momentum is 

L =lco =(l.50 kg • m 2 )(3.00 rad/s) =4.50 kg • m 2 /s 

Since the sphere rotates counterclockwise about the vertical axis, the 
angular momentum vector is directed upward in the +Z direction. 

Thus, 

| L =(4.50 kg • m 2 /s)k | 

P11.23 The total angular momentum about the center point is given by 
L +/ A 

t: t.u u u a 1 60.0 kg (2.70 m ) 2 2 

For the hour hand: / h = =-^-— =146 kg • m 

3 3 

t-, . m m L 2 m 100 kg(4.50 m ) 2 , 

For the mmute hand: I = =-—- — =675 kg • m 

m 3 3 6 

In addition, co h = 27rra ^ f ^ 45 x iq -4 rac i/s 

h 12 h ^ 3 600 s J 

while CO = 2/r raC ^ ( 1 ^ 1 =1.75 x 10 ' 3 rad/s 
m lh ^ 3600 s ) 
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P11.24 


Thus, L =(l46 kg m 2 )(l.45x 10" 4 rad/s) 

+(675 kg • m 2 )(l.75x 10~ 3 rad/s) 

or | L =1.20 kg-m 2 /s~| . The hands turn clockwise, so their vector 

angular momentum is [perpendicularly into the clock face.| 

We begin with 

K =—lco 2 
2 


And multiply the right-hand side by 


!_ 

I' 



Substituting L=lco then gives 



P11.25 (a) For an axis of rotation passing through the center of mass, the 

magnitude of the angular momentum is given by 

L =!co =(j MR2 =^( 3 - 00 kg)(0.200 m) 2 (6.00 rad/s) 
= [~0.360 kg-m 2 /s | 

(b) For a point midway between the center and the rim, we use the 
parallel-axis theorem to find the moment of inertia about this 
point. Then, 

L=lco=\^MR 2 j to 

=^(3.00 kg)(0.200 m) 2 (6.00 rad/s) = | 0.540 kg-m 2 /s | 

P11.26 (a) Modeling the Earth as a sphere, we first calculate its moment of 

inertia about its rotation axis. 


/ =—MR 2 =-(5.98xlO 24 kg)(6.37xl0 6 m) 2 
5 5 

=9.71 xlO 37 kg-m 2 
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Completing one rotation in one day. Earth's rotational angular 
speed is 


co 


1 rev _ 2k rad 
24 h _ 86 400 s 


=7.27 xlO 5 


s' 


the rotational angular momentum of the Earth is then 
L =lco =(9.71 xlO 37 kg-m 2 )(7.27xl0 5 s _1 ) 

= |~7X)6x 10 33 kg-m 2 /s | 

The Earth turns toward the east, counterclockwise as seen from 
above north, so the vector angular momentum points north along 
the Earth's axis, [towards the north celestial pole] or nearly toward 
the star Polaris. 


(b) In this case, we model the Earth as a particle, with moment of 
inertia 


I =MR 2 =(5.98xlO 24 kg)(1.496xlO 11 mf 
=1.34xlO 47 kg-m 2 

Completing one orbit in one year. Earth's orbital angular speed is 
_ _ 1 rev _ 2k rad _ 1 nn 1 n _ 7 ^ 

03 ”365.25 d ”(365.25 d)(86 400 s/d) X S 


the angular momentum of the Earth is then 

L =lco =(l.34xl0 47 kg-m 2 )(l.99xl0“ 7 s _1 ) 

= |~Z66x IQ 40 kg m 2 /s | 

The Earth plods around the Sun, counterclockwise as seen from 
above north, so the vector angular momentum points north 
perpendicular to the plane of the ecliptic, 

[toward the north ecliptic pole] or 23.5° away from Polaris, toward 
the center of the circle that the north celestial pole moves in as the 
equinoxes precess. The north ecliptic pole is in the constellation 
Draco. 


(c) 


The periods differ only by a factor of 365 (365 days for orbital 
motion to 1 day for rotation). Because of the huge distance 
from the Earth to the Sun, however, the moment of inertia of 
the Earth around the Sun is six orders of magnitude larger 
than that of the Earth about its axis. 
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P11.27 


P11.28 


Defining the distance from the pivot to the particle as d, we first find 
the rotational inertia of the system for each case, from the information 
M = 0.100 kg, m = 0.400 kg, and D = 1.00 m. 

(a) For the meterstick rotated about its center, / m =— M D 2 . 

"12 

For the additional particle, I w =md 2 =m^D 2 j. 

Together, / =1 m +1 w =—M D 2 +—mD 2 , or 
° 12 4 

, _ (0-100 kg)(1.00 m) 2 (0.400 kg)(1.00m) 2 m2 

12 4 ' ° 

And the angular momentum is 

L =1(0 =(0.108 kg • m 2 )(4.00 rad/s) = | 0.433 kg-m 2 /s | 

(b) For a stick rotated about a point at one end, 

l m =|mD 2 =|(0.100 kg)(l.00 m) 2 =0.033 3 kg m 2 

For a point mass, l w = mD z = (0.400 kg)(1.00 m) 2 = 0.400 kg • m 2 
so together they have rotational inertia 
I =l m + l w = 0.433 kg-m 2 
and angular momentum 

L =lco =(o.433 kg ■ m 2 )(4.00 rad/s) = |l.73 kg ■ m 2 /s| 


We assume that the normal force n = 0 on the 
front wheel. On the bicycle, 

'ZF X =ma x : +f s =ma x 

£F y =ma y : +n - F g =0 n =mg 

We must use the center of mass as the axis in 
=la: 

F g (0) - n (77.5 cm) + f s (88 cm) = 0 

We combine the equations by substitution: 

-mg (77.5 cm) +ma x (88 cm) =0 

(9.80 m/s 2 )77.5 cm .-_ 

a x = K - 1 -= 8.63 m/s 2 


n\~j s 


ANS. FIG. P11.28 
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P11.29 We require a c —g =— =co 2 r: 

[B II 9.80 m/s 2 ) 

co = * = A- L =0.313 rad/s 

V r V 100 m 

I =Mr 2 =(5 x 10 4 kg)(lOO m) 2 =5xl0 8 kg-m 2 
(a) L =lco =(5 x 10 8 kg • m 2 )(0.313 rad/s) =1 1.57 xlO 8 kg-m 2 /s I 


(b) At 


> f -0 _1.57xl0 8 kg-m 2 /s 
" 2(125 N)(100 m) 


= 6.26xl0 3 s =1.74 h 


Section 11.4 Analysis Model: Isolated System 
(Angular Momentum) 

P11.30 (a) From conservation of angular momentum for the isolated system 

of two disks: 


(/j +l 2 )co f =l 1 co i or o) f =\ 


1 1 

/1 +U 


This is an example of a totally inelastic collision. 


(b) K, =|(/, +/> 2 f 


and 


/C ( =-/ 1 tt» ) 2 
' 2 1 ' 




'( K Y 

/1 


/l+/ 2 


P11.31 From conservation of angular momentum, 

/ j( 0 i =1 f O) f : (250 kg m 2 )(l0.0 rev/min) = 

[250 kg-m 2 +(25.0 kg)(2.00 m) 2 ](9 2 


co 2 = 7.14 rev/min 


P11.32 (a) Angular momentum is conserved in the puck-rod-putty system 

because there is no net external torque acting on the system. 

Ico =/©.,: 


mR 2 (fi") +mpR 2(0) = ( mR 2 2 )(x) 
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P11.33 


mRVj =(m +m p )Rv f 


Solving for the final velocity gives 



2.40 kg X 
2.40 kg +1.30 kg J 


.00 m/s) =3.24 m/s 


Then, 

7 - 2kR _ 2;r(l.50 m) \ 2 91 i 
V f 3.24 m/s U - 


(b) 

(c) 

(d) 

(a) 


(b) 


(c) 


Yes, because there is no net external torque acting on the puck- 
rod-putty system. 

No, because the pivot pin is always pulling on the rod to change 
the direction of the momentum. 

No. Some mechanical energy is converted into internal energy. 
The collision is perfectly inelastic. 

Mechanical energy is not constant; some chemical potential 
energy in the woman's body is transformed into mechanical 
energy. 

Momentum is not constant. The turntable bearing exerts an 
external northward force on the axle to prevent the axle from 
moving southward because of the northward motion of the 
woman. 

Angular momentum is constant because the system is isolated 
from torque about the axle. 


(d) From conservation of angular momentum for the system of the 
woman and the turntable, we have L f = L ff = 0, 

L- f ^ woman^woman table®table ® 


and 



m woman™ wor 
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60.0 kg(2.00 m)(l.50 m/s) 
500 kg-m 2 
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P11.34 


P11.35 


-0.360 rad/s 


or ffl table = | 0.360 rad/s (counterclockwise) | 

(e) Chemical energy converted into mechanical energy is equal to 
AK=K f -0 =~m woman v 2 woman +h< ble 

AK =^-(60 kg)(1.50 m/s) 2 +^(500 kg m 2 ) (0.360 rad/s) 2 
= \ 99.9 J | 

(a) The total angular momentum of the system of the student, the 
stool, and the weights about the axis of rotation is given by 

/total =/ weights +/ student =2 (m/" 2 )+3.00 kg • m 2 
Before: r = 1.00 m 

Thus, /, = 2(3.00 kg)(1.00 m) 2 + 3.00 kg • m 2 = 9.00 kg • m 2 
After: r = 0.300 m 

Thus, l f = 2(3.00 kg)(0.300 m) 2 + 3.00 kg • m 2 = 3.54 kg • m 2 
We now use conservation of angular momentum. 

I f (D f =1,(0, 

or (Of =^^^j(0.750 rad/s) = | 1.91 rad/s | 

(b) K=hf(o? =^-(9.00 kg • m 2 )(0.750 rad/s) 2 = | 2.53 J | 

K f =h f (o 2 f =^(3.54 kg-m 2 )(l.91 rad/s) 2 = | 6.44 J | 

(a) We solve by using conservation of angular momentum for the 
turntable-clay system, which is isolated from outside torques: 

/"initial =/ "final : 

jmR 2 (o j 
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Solving for the final angular velocity gives 

- mR 2 o) j -(30.0 kg)(l.90 m) 2 (4n rad/s) 

to f - =~] --- 

-mR 2 +m c r 2 —(30.0 kg)(l.90 m) 2 +(2.25 kg)(l.80 m) 2 

= [ll.l rad/s counterclockwise] 

(b) | No. | The initial energy is 

K i =-lcof=-(-mR 2 )cof 

1 2 1 2{2 J 1 

=^^(30.0 kg)(l.90 m) 2 j(4^ rad/s) 2 
=4 276 J 


P11.36 


The final mechanical energy is 


K ' = \ lc ° 2 ' = l{l mR2 +m ‘ r2 ) 0>2 ' 

=i[|(30.0 kg)(l.90 m f +<2.25 kg)(l.80 m) 2 ] 
x(ll.l rad/s) 2 

=3 768 J 


Thus 507 J of mechanical energy is transformed into internal| 
energy.) The "angular collision is completely inelastic. 

(c) No. The original horizontal momentum is zero. As soon as the 
clay has stopped skidding on the turntable, the final momentum 
is (2.25 kg)(1.80 m)(ll.l rad/s) = 44.9 kg • m/s north. This is the 
amount of impulse injected by the bearing. The bearing thereafter 
keeps changing the system momentum to change the direction of 
the motion of the clay. [The turntable bearing promptly imparts) 
arTimpulse of 44.9 kg • m/s north into the turntable-clay system,) 
and thereafter keeps changing the system momentum.) 


When they touch, the center of mass is distant from the center of the 
larger puck by 


Ycm 


0 +(80.0 g)(4.00 cm +6.00 cm) ^ 

120 g +80.0 g 


(a) L =r 1 m 1 v 1 +r 2 m 2 v 2 =0 +(6.00 x 10“ 2 m)(80.0 x 10" 3 kg)(l.50 m/s) 
=^20xl0~ 3 kg-m 2 /s | 
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P11.37 


(b) The moment of inertia about the CM is 

' +m rf) + {\ m z r * +m Jl) 

I =|(0.120 kg)(6.00xlCT 2 m) 2 +(0.120 kg)(4.00 x 1CT 2 ) 2 

-K-(80.0xl0' 3 kg)(4.00xl0“ 2 m) 2 

+(80.0 xl0“ 3 kg)(6.00 x 10“ 2 m) 2 
/ =7.60x10“* kg-m 2 

Angular momentum of the two-puck system is conserved: 

L =1(0 


7.20 xl(T 3 kg-m 2 /s 
' 7.60xlO" 4 kg-m 2 


=| 9.47 rad/s~| 


(a) Taking the origin at the pivot point, note that r is perpendicular 
to v, so sin0 = 1 and L f =L ( =mr sin 6 = \mv£\ vertically down. 


(b) Taking v f to be the speed of the bullet and the block together, we 
first apply conservation of angular momentum: L, = L f becomes 


£mv =£(m +M)v f 


or 



v 


The total kinetic energies before and after the collision are, 
respectively. 


K: =-mv 2 

1 2 


and K f =-[m+M )v 2 f =-[m+M )(—1 v 2 =-[ 171 ly 2 
f 2 f 2 \m+M ) 2[m+M J 


So the fraction of the kinetic energy that is converted into internal 
energy will be 

1,2 if rrf 


2 


Fraction 


_-AK _K-K f _2 


2 {m+M , 


M 

m +M 
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P11.38 



(a) Let co be the angular speed of the signboard 
when it is vertical. 

^/(9 2 =Mgh 

|^ML 2 jcu 2 =Mg|/_(l-cos0) 

_ |3g(l-cos0) 

""V L 

_ 1 3(9.80 m/s 2 )(1-cos25.0°) 

V 0.500 m 

= |~^235 rad/s ] 


A/g ^ 

ANS. FIG. P11.38 


(b) liCOj-mvL =1 f(o f represents angular momentum conservation for 
the sign-snowball system. Substituting into the above equation, 

j^M L 2 +mL 2 ^jco f =^M ^(Oi-mvL 


Solving, 

-M Lo):-mv 

Wf = fi y 

( 3 M + m) L 

|(2.40 kg)(0.500 m)(2.347 rad/s)-(0.400 kg)(l.60 m/s) 
|(2.40 kg) +0.400 kgj(0.500 m) 

= fa498 rad/s | 
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P11.39 


(c) Let fp M = distance of center of mass from the axis of rotation. 


hcu 


(2.40 kg)(0.250 m)+(0.400 kg)(0.500 m) 
2.40 kg +0.400 kg 


=0.285 7 m 


Applying conservation of mechanical energy, 

(M +m)gh CM (l-cos6)=^j^M L 2 +mL 2 ^jco 2 

Solving for 9 then gives 


9 =cos 1 


& 


2 (M +m)gh a 


=COS 1 i 1 - 


[|(2.40 kg) +0.400 kgj(0.500 m) 2 (0.498 rad/s) 2 
2(2.40 kg +0.400 kg)(9.80 m/s 2 )(0.285 7 m) 


(a) 


Consider the system to consist of 
the wad of clay and the cylinder. 
No external forces acting on this 
system have a torque about the 
center of the cylinder. Thus, 
angular momentum of the system 
is conserved about the axis of the 
cylinder. 

L f =L j : lco=mv i d 

or ^MR 2 +mR 2 j(y =mv j d 



ANS. FIG. P11.39 


Thus, 


2 mVjd 

(M +2 m)R 2 


(b) 

No; some mechanical energy of the system (the kinetic energy 
of the clay) changes into internal energy. 



(c) 

The linear momentum of the system is not constant. The axle 
exerts a backward force on the cylinder when the clay strikes. 
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P11.40 The rotation rate of the station is such that at its rim the centripetal 
acceleration, a c , is equal to the acceleration of gravity on the Earth's 
surface, g. Thus, the normal force from the rim's floor provides 
centripetal force on any person equal to that person's weight: 

V- r 2 2 9 

YF r =ma r : n =-> mg =mcofr -> cof =— 

r r 


The space station is isolated, so its angular momentum is conserved. 
When the people move to the center, the station's moment of inertia 
decreases, its angular speed increases, and the effective value of 
gravity increases. 


m f I 

From angular momentum conservation: /,«, =/ f co f —> — =—, 

CO, / f 


where 


i ^station people,/ 

=[5.00 xlO 8 kg-m 2 +150(65.0 kg)(100 m) 2 ] 
=5.98xlO 8 kg-m 2 


=[5.00xlO 8 kg-m 2 +50(65.0 kg)(l00m) 2 ] 
=5.32xlO 8 kg-m 2 


The centripetal acceleration is the effective value of gravity: a c g. 
Comparing values of acceleration before and during the union 
meeting, we have 


9r_ _ a cj = ®f J 

9, a c,i o)f {l fy 


5.98 x10 s 
5.32 x10 s 


\2 


=1.26+ g f =1.26g- 


When the people move to the center, the angular speed of the 
station increases. This increases the effective gravity by 26%. 
Therefore, the ball will not take the same amount of time to drop. 

P11.41 (a) [Yes| , the bullet has angular momentum about an axis through 

the hinges of the door before the collision. 
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(b) The bullet strikes the door 

r = 1.00 m - 0.100 m = 0.900 m 
from the hinge. Its initial angular momentum 
is therefore 

L, =rp =m fi n/ ( - 

=(0.005 00 kg)(0.900 m) 

x(l.00xl0 3 m/s) 

= [450 kg • m 2 ~/sj 


\ 

Hinge 


ANS. FIG. P11.41 


(c) 


No; in the perfectly inelastic collision kinetic energy is 
transformed to internal energy. 


(d) Apply conservation of angular momentum, /., =L f : 


m B rV i —IfMf —[l door "^bullet )®/ 2 

m B rv , door 1 - 2 +m/ 2 j® f 


where L = 1.00 m = the width of the door and r = 0.900 m [from 
part (b)]. Solving for the final angular velocity gives, 
m B rV: 

®=t-—- 

3 M doo / 2 +m fi r 2 

(0.005 00 kg)(0.900 m)(l.00x 10 3 m/s) 

|(l8.0 kg)(l.00 m) 2 +(0.005 00 kg)(0.900 m) 2 
= | 0.749 rad/s | 

(e) The kinetic energy of the door-bullet system immediately after 
impact is 

KE, 

=i|j(l8.0 kg)(l.00 m)' +(0.005 00 kg)(0.900 m) = J 
x(0.749 rad/s) 2 


The kinetic energy (of the bullet) just before impact was 

KE-, =^m B vf =^(0.005 00 kg)(l.00xl0 3 m/s) 2 =2.50xlO 3 J 
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Angular Momentum 


The total energy of the system must be the same before and after 
the collision, assuming we ignore the energy leaving by 
mechanical waves (sound) and heat (from the newly-warmer 
door to the cooler air). The kinetic energies are as follows: 

KEi =2.50 xlO 3 J and KE f =1.68 J. 

Most of the initial kinetic energy is transformed to internal 
energy in the collision. 


Section 11.5 The Motion of Gyroscopes and Tops 

P11.42 Angular momentum of the system of the spacecraft and the gyroscope 
is conserved. The gyroscope and spacecraft turn in opposite directions. 

G 


- 1 ,( 0 , =/ 2 - 


0 =1,(0, +l 2 (0 2 : 

(-20 kg • m 2 )(—100 rad/s) =(5 x 10 5 kg • m 2 

t= Zh2xl0^s =w 
2000 1 - 1 

P11.43 We begin by calculating the moment of inertia of the Earth, modeled as 
a sphere: 

/ =| MR 2 =|(5.98xl0 24 kg)(6.37xl0 6 m f 
=9.71 xlO 37 kgm 2 

Earth's rotational angular momentum is then 

L =1(0 =(9.71 xlO 37 kg-m 2 ) ^ 2 ^^ j =7.06xlO 33 kg-m 2 /s 2 

from which we can calculate the torque that is causing the precession: 

T =L(O d 


=(7.06xlO 33 kg-m 2 /s)| 


= 5.45xlO 22 N-m 


2 n rad 


Y 1 yr 1 

f Id ^ 

J { 365.25 dj 

^86 400 s J 
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Additional Problems 


P11.44 


P11.45 


(a) 


(b) 


(c) 


Assuming the rope is massless, the tension is 
the same on both sides of the pulley: 

Yt=TR-TR=[o} 

dL 

Yjt =—-, and since X T =0, L = constant. 
dt 

Since the total angular momentum of the 
system is initially zero, the total angular 
momentum remains zero, so the | monkey and | 

| bananas move upward with the same speed | 

at any instant. 



| The monkey will not reach the bananas. | ANS. FIG. P11.44 


The motions of the monkey and bananas are 
identical, so the bananas remain out of the monkey's reach—until 
they get tangled in the pulley. To state the evidence differently, 
the tension in the rope is the same on both sides. Newton's 
second law applied to the monkey and bananas give the same 
acceleration upward. 


Using conservation of angular momentum, we have 


or mr; ho R 


Thus, (mr 2 )— =(mr 2 )—, giving r a v a =r p v p or 

r a r p 

V a —— v r = 0-590 AU /i-^ q =1 0.910 km/s I 

r a p 35.0 AU 1 - 1 

P11.46 (a) Momentum is conserved in the isolated system of the two boys: 

P, =P f : i — m i v 2 i =(m a +m 2 )v f 


p, =(45.0 kg)(8.00 m/s) i — (31.0 kg)(11.0 m/s) i 
=(76.0 kg) v f 

v f = | 0.250 i m/s | 
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(b) The initial kinetic energy of the system is 

K: =-m,v 2 +-m 2 v 2 

' 2 1 1 2 2 2 

=^(45.0 kg)(46.00 m/s f +|(31.0 kg)(11.0 m/s) 2 
=3 315.5 J 


and the kinetic energy after the collision is 

K f =^(m 1 +m 2 )v 2 f =|(76.0 kg)(0.250 m/s) 2 =2.375 J 
Thus the fraction remaining is 

it=Mh =imM=0 - m6% 

(c) The calculation in part (a) still applies: v f =|0.250 i m/s 


(d) Taking Jacob (m 1 = 45.0 kg) at the origin of a coordinate system, 
with Ethan (m 2 = 31.0 kg) on the y axis at y = L = 1.20 m, the 
position of the CM of the boys is 

_m 1 y 1 +m 2 y 2 _m 1 (o)+m 2 L _ m 2 L 
m 1 +m 2 m 1 +m 2 m 1 +m 2 

45.0 kg +31.0 kg 


Ycm 


y CM = 


Jacob is y CM = 0.489 m from the CM and Ethan is (L - y CM ) = 

L - m 2 L /(m 1 +m 2 ) =m 1 L /(m 1 +m 2 ) =0.711 m from the CM. Their 
angular momentum about the CM is L =lco: 


m^L +m 2 v 2 (L -y CM ) =[m 1 L 2 +m 2 (L-y CM ) 2 ]co 
. QJ - m iViL+m 2 v 2 (L-y CM ) 
m 2 L 2 +m 2 (L -y CM ) 2 


0) 

0) 


(45.0 kg)(8.00 m/s)(0.489 m)+(31.0 kg)(ll.O m/s)(0.711 m) 
(45.0 kg)(0.489 m) 2 +(31.0 kg)(0.711 m) 2 


418 kg-m 2 /s 
26.4 kg • m 2 


'= [15.8 rad/s | 
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P11.47 


(e) Their kinetic energy after they link arms is 
Kf =|K+m 2 )^ M +i/£o 2 

=^(76.0 kg)(0.250 m/s) 2 +|(26.4 kg •m 2 /s )(l5.8 rad/s) 2 
K f =3 315.5 J 

[Note: the result of the calculation of kinetic energy is exactly 
3 315.5 J if no round-off is made in the calculation. It can be 
shown algebraically that the expression for the final kinetic 
energy is equivalent to the expression for the initial kinetic 
energy—the student is invited to show this.] Thus the fraction 
remaining is K f /K t =3 315.5 J/3 315.5 J =[lToo] =100%. 


(f) 


In part (b), the boys must necessarily deform as they slam into 
each other. During this deformation process, mechanical energy 
is transformed into internal energy. In part (e), there is no 
deformation involved. The boys simply link hands and some of 
their translational kinetic energy transforms to rotational kinetic 
energy, but none is transformed to internal energy. 


First, we define the following symbols: 

l p = moment of inertia due to mass of people on the equator 
I E = moment of inertia of the Earth alone (without people) 
co = angular velocity of the Earth (due to rotation on its axis) 
2k 

T =— = rotational period of the Earth (length of the day) 
co 

R = radius of the Earth 


The initial angular momentum of the system (before people start 
running) is 

=/p(y f +/ E «, =(/ P +l E )o)i 


When the Earth has angular speed co, the tangential speed of a point on 
the equator is v t =Rco. Thus, when the people run eastward along the 
equator at speed v relative to the surface of the Earth, their tangential 
speed is v p =v t +v =Rco +v and their angular speed is 


co p 



R 
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The angular momentum of the system after the people begin to run is 

L f =1 p (Dp +l E c0 =l p ^(0 +^j +I E 0) =(l P +l E )co 

Since no external torques have acted on the system, angular 
momentum is conserved ( L f =/_,), giving 

(l P +I E )(0 +^ =(/ P +/ E )«, 

Thus, the final angular velocity of the Earth is 

l p v r , l p v 

co =£», - T — , ' =£0 ; (1 - x), where x = T -;—r-— 

[Ip +1 e )R (/ P +1 pjRcOi 


The new length of the day is 


In 


In 


(0 £ 0 ,(l-x) 1 —X 

so the increase in the length of the day is 


Tiil+x) 


AT =T -T:~ T:X =T: 


l P v 

( l p +l E )R(0i 


Since =—, this may be written as 


*2 n[l p +l E )R 


To obtain a numeric answer, we compute 

l P =m p R 2 =[(7xl0 9 )(55.0kg)](6.37xl0 6 mf 
=1.56 xlO 25 kg-m 2 

and 

l E =-m E R 2 =-(5.98xlO 24 kg)(6.37xl0 6 m) 2 
5 5 

=9.71 xlO 37 kg-m 2 

Thus, 

(8.64xlO 4 s) 2 (l.56xl0 25 kg-m 2 )(2.5 m/s) 

~ 2^:[(l.56x 10 25 +9.71 xlO 37 ) kg-m 2 ](6.37xl0 6 m) 
= | 7.50xlO" 11 s~| 
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P11.48 


P11.49 


(a) (kMJ,) a =(kMjX 


0 +mgy A =^mv ] +0 

v B =y/2gy A =^2(9.80 m/s 2 )(6.30 m) = | 11.1 m/s 


(b) 

(c) 


L =mvr =(76.0 kg) (11.1 m/s) (6.30 m) = | 5.32 xlO 3 kg-m 2 /s | 
toward you along the axis of the channel. 

The wheels on his skateboard prevent any tangential force from 
acting on him. Then no torque about the axis of the channel acts 
on him and his angular momentum is constant. His legs convert 
chemical into mechanical energy. They do work to increase his 
kinetic energy. The normal force acts in the upward direction, 
perpendicular to the direction of motion of the skateboarder. 


(d) 

(e) 


L = mvr: 


5.32xlO 3 kg m 2 /s 
' (76.0 kg) (5.85 m) 


=| 12.0 m/s | 


=(k-*0 c 

1(76.0 kg)(ll.l m/s) 2 +0 +(/ chem 

=1(76.0 kg)(12.0 m/s) 2 +(76.0 kg) (9.80 m/s 2 ) (0.450 m) 
b'chem =5-44 kj - 4.69 kj +335 J = | 1.08 kj | 


(a) The moment of inertia is given by 


i =5>,o 2 



ANS. FIG. P11.49 
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Angular Momentum 


(b) Think of the whole weight, 3 mg, acting at the center of gravity, 
f =f x F =(j) ( - i) x 3 mg (- j ) = | (mgd) k | 


(c) We find the angular acceleration from 

_t _3 mgd 

a ~T ~Vmd^ 


3 g 

—- counterclockwise 
7d 


(d) The linear acceleration of particle 3, a distance of 2d/3 from the 
pivot, is 


a = 



2 g 

7 


upward 


(e) Because the axle is fixed, no external work is performed on the 
system of the Earth and the three particles, so total mechanical 
energy is conserved. Rotational kinetic energy will be maximum 
when the rod has swung to a vertical orientation with the center 
of gravity directly under the axle. Take gravitational potential 
energy to be zero when the rod is in its vertical orientation. In the 
initial horizontal orientation, the center of gravity of the system 
will be d/3 higher: 

0+(3m)g^jj =K f +0 —>K, = |mgri| 

(f) In the vertical orientation, the rod has the greatest rotational 
kinetic energy: 



(g) 


The maximum angular momentum of the system is 


j6g _ 


V 7d 

{ 3 ) 


(h) The maximum speed of particle 2 is 


v f 
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P11.50 


P11.51 


(a) The equation simplifies to 

(1.75 kg-m 2 /s-0.181 kg-m 2 /s)j =(0.745 kg m 2 )<3 
which gives 

ob =|2.11j rad/s| 


(b) 


We take the x axis east, the y axis up, and the z axis south. 

The child has moment of inertia 0.730 kg-m 2 about the axis of 
the stool and is originally turning counterclockwise at 2.40 rad/s. 
At a point 0.350 m to the east of the axis, he catches a 0.120-kg 
ball moving toward the south at 4.30 m/s. He continues to hold 
the ball in his outstretched arm. Find his final angular velocity. 


(c) 


Yes, with the left-hand side representing the final situation 
and the right-hand side representing the original situation, the 
equation describes the throwing process. 


(a) 


(b) 


The appropriate model is 
to treat the projectile and 
the rod as an 
[isolated system) , 
experiencing no net 
external torque, or force. 


_mv i d 

2~ 


+L 

+0 = 


mv:d 



•n ® 

o • 

(b) 


ANS. FIG. P11.51 


( c ) ^ total —I pe 


e +1 rod =J 1 M ^ +m 


d 2 (M +3 m) 


(d) After the collision, we could express the angular momentum as, 
Jd 2 [M +3m)^| ' 


L total ~ I total® — 


-o 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly. 


sible website, in whole or in part. 
































618 Angular Momentum 


P11.52 


(e) Recognizing that angular momentum is conserved, 

Lf=Li 

(d 2 (M +3m)^| _mv i d 

{ 12 r~^~ 

I 6 mv i 
03 d[M +3 m) 


(f) K = 


r 2 d 2 (M +3m) 

(§) * t 0 t a i ~ 2 I total 03 ~2 


d[M +3 m) 


3m 2 vf 
2(M +3m) 


(h) The change in mechanical energy is, 

, ,1 2 3 m 2 v 2 _ mMv 2 

' ' ~2 mVl ~ 2 (M +3m) ~2(M +3 m) 


Then, the fractional change in the mechanical energy is 

fl]M ^ 

2 (M +3m) 

1 2 
-mvf 
2 1 

(a) The puck's linear momentum is always changing. Its mechanical 
energy changes as work is done on it. But its angular momentum 
stays constant because although an external force (the tension of 
the rope) acts on the puck, no external torques act. 

Therefore, L = constant, and at any time, 
mvr = mvfi 


M 

M +3 m 


giving us 

V =m = (l.50m/s)(0.300 m) = | 450m/ , 

r 0.100 m 1 - 1 

(b) From Newton's second law, the tension is always 

T _i iai N | 

r WM&M- — : — 1 
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(c) The work-kinetic energy theorem identifies the work as 

I/I/ =AK =-mv 2 --mvf 
2 2 ' 

=^-(0.050 0 kg)[(4.50 m/s) 2 -(1.50 m/s) 2 ] 

= [ 0.450 J | 

1 

ANS. FIG. P11.52 

P11.53 See ANS. FIG. P11.52 above. 

(a) The puck is rotationally isolated because friction is zero and the 
torque on the puck from the tension in the string is zero: 

r =|? xF| =|r ||f| sin 180° =0 

therefore, the angular momentum of the puck is conserved as the 
radius is decreased: 


Lr=L, 

mrv =mry i 



(b) The net force on the puck is tension: 
_ mv 2 
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P11.54 


(c) Work is done by the tension force in the negdtive-r, inward 
direction as the radius decreases [ d( =-dr]: 

METHOD 1: 


1/1/ = J F ■ di =-jTdr' dr' 


m i r i v i ) 2 

"wr 


m[r,v,ff 1 l "j 
2 [ r 2 - r 2 ) 



METHOD 2: 


1 

1 9 

1 2 f r 2 I 

1/1/ =AK =-mv 2 

--mvf = 

-mv 2 \ -1 

2 

2 ' 

2 '{r 2 ) 


The description of the problem allows us to assume the asteroid-Earth 
system is isolated, so angular momentum is conserved ( L ,■ =L f ). Let 
the period of rotation of Earth be T before the collision and T +A T 
after the collision. We have 


l E (Oi =(l E +I A )co f 
2 n 


— I 

T E T+AT 
T+AT _I E +I A 
T % 


■[Ie+Ia 


which gives 

AT _/ A 
T l F 




Treating Earth as a solid sphere of mass M and radius R, its moment of 
2 

inertia is - MR 2 . The moment of inertia of the asteroid at the equator 
5 

is mR 2 . We have then 

, , AT 


mR 2 =(jMR 2 


m= ! 


m 

| s ® tfk8 te) =uxlt ' k8 


2 u f AT ^ 
m =—M — 
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Life would not go on as normal. An asteroid that would cause a 0.5-s 
change in the rotation period of the Earth has a mass of 1.38 x 10 19 kg 
and is an order of magnitude larger in diameter than the one that 
caused the extinction of the dinosaurs. 


P11.55 Both astronauts will speed up equally as 
angular momentum for the two-astronaut- 
rope system is conserved in the absence of 
external torques. We use this principle to 
find the new angular speed with the 
shorter tether. Standard equations will tell 
us the original amount of angular 
momentum and the original and final 
amounts of kinetic energy. Then the 
kinetic energy difference is the work. 

(a) The angular momentum magnitude is 
r and v are perpendicular, so the magnitude of L about the center 
of mass is 

L =£mn/ =2(75.0 kg)(5.00 m)(5.00 m/s) 

= [3.75xlO 3 kg-m 2 /s| 

(b) The original kinetic energy is 

K =^mv 2 +^mv 2 =20(75.0 kg)(5.00 m/s) 2 
=[l.88xl0 3 j| 


"\f 

TZ = 75.0 kg 


m = 75.0 kg h—r = d/2—-| 

4V 

ANS. FIG. P11.55 

I £| =m | r x v]. In this case. 


(c) With a lever arm of zero, the rope tension generates no torque 
about the center of mass. Thus, the angular momentum for the 
two-astronaut-rope system is unchanged: 

L = |3.75xl0 3 kg-m 2 /s| 


(d) Again, L = 2 mrv, so 


v 


L _ 3.75xl0 3 kg-m7s 
2mr ”2(75.0 kg )(2.50 m) 


= |l0.0 m/s] 


(e) The final kinetic energy is 

K =2 (00 =2(0(75.0 kg)(l0.0 m/s) 2 = |7.50xl0 3 j| 
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P11.56 


P11.57 


(f) The energy converted by the astronaut is the work he does: 
W nc =K f -K , =7.50xlO 3 J-1.88xl0 3 J 
= |5.62xl0 3 j] 


Please refer to ANS. FIG. PI 1.55 and the discussion in PI 1.55 above. 


(a) 

(b) 

(c) 

(d) 


(e) 

(f) 


(a) 


(b) 


(c) 


Lj=2 [ M {fi_ ]^2!S] 

K=2(^Mv l ]= [M)F] 


L f =L, = | Mvd | 


Mvd 


" 2Mr > 2m(J) ^ 

K f =M[2vf = | 4M*/ 2 | 


If the work performed by the astronaut is made possible entirely 
by the conversion of chemical energy to mechanical energy, then 
the necessary chemical potential energy is: 

W=K f -K, = | 3 Mv 1 | 


At the moment of release, two stones are moving with speed v 0 . 
The total momentum has magnitude \2mv 0 | . It keeps this same 
horizontal component of momentum as it flies away. 

The center of mass speed relative to the hunter is \/ CM = p/M = 
2mv 0 /3m = |2 v 0 /3\ before the hunter lets go and, as far as 
horizontal motion is concerned, afterward. 

When the bola is first released, the stones are horizontally in line 
with two at distance 1 on one side of the center knot and one at 
distance 1 on the other side. The center of mass (CM) is then 
x CM =(2 mi-mi)/3m =1/3 from the center knot closer to the two 
stones: the one stone just being released is at distance r x =41/3 
from the CM, the other two stones are at distance r 2 =21/3 from 
the CM. 


The two stones, moving at v 0 , have a relative speed i/ 2 = \/ 0 - 2m J 3 
= v 0 /3 with respect to the CM, and the one stone has relative 
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speed v l = 2i/ 0 /3 - 0 = 2i/ 0 /3 with respect to the CM. The one stone 
has angular speed 

_Vi _ 2v 0 /3 = v^ 

0)1 r x 41/3 21 


The other two stones have angular speed 


0) 2 


_^2 _ ^0 / 3 _V 0 

r 2 21/3 21 


which is necessarily the same as that of stone 1: ro 1 =co 2 =co. The 
total angular momentum around the center of mass is 
X/ni/r =mv 1 r 1 +2 mv 2 r 2 

=m( 2v 0 /3)(4£/3) +2m(v 0 /3)(2£/3) 

= \4m?v 0 /3\ 

The angular momentum remains constant with this value as the 
bola flies away. 

(d) As computed in part (c), the angular speed co at the moment of 
release is v 0 /2£. As it moves through the air, the bola keeps 
constant angular momentum, but its moment of inertia changes 
to 3ml 2 . Then the new angular speed is given by 

L =lo) -> 4m£v 0 /3 =3m£ 2 co -> co = \4v 0 /9£\ 


(e) At the moment of release, 

K =|m(0) 2 +|(2 m)v 2 0 = [7nyg] 


(f) As it flies off in its horizontal motion it has kinetic energy 
K =|(3m)(0 2 +\lo) 2 


26 2 
= —mi/ 
27 0 
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Angular Momentum 


P11.58 


P11.59 


(g) 


No horizontal forces act on the bola from outside after release, 
so the horizontal momentum stays constant. Its center of mass 
moves steadily with the horizontal velocity it had at release. No 
torques about its axis of rotation act on the bola, so its spin 
angular momentum stays constant. Internal forces cannot affect 
momentum conservation and angular momentum conservation, 
but they can affect mechanical energy. The cords pull on the 
stones as the stones rearrange themselves, so the cords must 
stretch slightly, so that energy of mi/ 2 /27 changes from 
mechanical energy into internal energy as the bola takes its stable 
configuration. In a real situation, air resistance would have an 
influence on the motion of the stones. 


(a) Let M = mass of rod and m = mass of each bead. From /,&), =1 f co f 
between the moment of release and the moment the beads slide 
off, we have 

|j^M f +2mr* J© f =^M f +2mr 2 2 j© f 


When M = 0.300 kg, t =0.500 m, r 1 = 0.100 m, r 2 = 0.250 m, and 
co, = 36.0 rad/s, we find 

[0.006 25 +0.020 0m](36.0 rad/s) =[0.006 25 +0.125m]© f 


co f 


36.0(1 +3.20m) 

1 +20.0m 


rad/s 


(b) The denominator of this fraction always exceeds the numerator, 
so 


(O f decreases smoothly from a maximum value of 36.0 rad/s 
for m =0 toward a minimum value of (36 x 3.2/20) =5.76 rad/s 
asm^oo. 


The moment of inertia of the rest of the Earth is 

/ =| MR 2 =|(5.98xl0 24 kg)(6.37xl0 6 m f 
=9.71 xlO 37 kgm 2 
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For the original ice disks, 

I =-Mr 2 =-(2.30xl0 19 kg)(6xl0 5 mf 
=4.14 xlO 30 kg-m 2 
For the final thin shell of water, 

/ =| Mr 2 =|(2.30xl0 19 kg)(6.37xl0 6 m) 2 
=6.22xlO 32 kg-m 2 

Conservation of angular momentum for the spinning planet is 
expressed by /,«, =/ f (O f : 


4.14 xlO 30 +9.71 xlO 37 


7 86 400 s 


=(6.22 x 10 32 +9.71 x 10 37 ) 7 -—- T 

v ' (86 400 s +ST ) 


fi+^¥i+ 4 - i4xio ;; V 

^ 86 400 s9.71 xlO 3 J 


ST 


6.22 xlO 32 4.14 x10 3C 


86 400 s 9.71 xlO 37 9.71 xlO 37 


| 6.22xlO 32 

9.71 xlO 37 

ST =0.550 s 


| An increase of 6.368 x 10^ % or 0.550 s7| 

P11.60 To evaluate the change in kinetic 
energy of the puck, we first 
calculate the initial and final 
moments of inertia of the puck: 

1 1 =mr 2 

=(0.120 kg)(0.400 m) 2 
=1.92xlO -2 kg-m 2 

and 

l f =mr 2 

=(0.120 kg)(0.250 m) 2 ANS. FIG. P11.60 

=7.50xlO’ 3 kg-m 2 



The initial angular velocity of the puck is given by 


Vi _ 0.800 m/s 
r t 0.400 m 


=2.00 rad/s 
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Now, use conservation of angular momentum for the system of the 
puck. 


(Of 


w, j- =(2.00 rad/s)|^ 


1.92 x 10~ 2 kg-mM 
7.5 xlO' 3 kg-m 2 J 


=5.12 rad/s 


Now, 


work done =AK =—l f co 2 f -—l .co? 

2 f f 2 1 1 


=|(7.5OxlCT 3 kg m 2 )(5.12 rad/s) 2 

-|(l.92xlCT 2 kg-m 2 )(2.00 rad/s) 2 


=| 5.99x10- 2 JJ 


Challenge Problems 

P11.61 (a) From the particle under a net force model: 

m[v f - 0 ) mv f 


L = 


F =^~ . . K 

At At At 

and from the rigid object under a net torque model: 


AL 

At k At 


Divide [2] by [1]: 

n j(<Bt-a>,) 


[1] 


[ 2 ] 


Let V f = R co f for pure rolling: 

_)(a>, -a>,) 


m[Rco f ) 


Solve for co f : 


Ico, 


mR 2 (0: 


mR 2 co.. 
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P11.62 


(b) The fractional change in kinetic energy is 


leaf 


^^MR 2 ](«y3) 2 +|M(R«y3) 2 -0M/R 2 j ft 


-MR 2 \caf 


Ap Mv f MRco f Rco f 
f pMg pMg 3 pg 

(d) From the particle under constant acceleration model: 



(a) After impact, the disk adheres to the stick, so they will rotate 
about their common center of mass; therefore, we must consider 
the angular momentum of the system about its CM. First we find 
the velocity of the CM by writing the equations for momentum 
conservation: 


m d v di +0 =(m d +m> CM 

v C m = m * - v di =[ --1(3.0 m/s) =2.0 m/s 

CM m d +m s dl ^2.0 kg +1.0 kg y 1 


The speed of the CM is |2.0 m/sf ; 

(b) Locate the center of mass between the disk and the center of the 
stick at impact: 

_ m d r +m s (0) _ (2.0 kg)(2.0 m) _4 
^ CM m d +m s 2.0 kg +1.0 kg 3 m 

This means at impact the CM is 4/3 meters from the center of the 
stick; therefore, the disk is 2.0 meters - 4/3 meters = 2/3 meters 
from the CM at impact. Use the parallel-axis theorem to find the 
moment of inertia of the system about the CM: 
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P11.63 


l s =/ CM +m/ s 2 =1.33 kg • m 2 +(l.O kg)^| mj =3.11 kg • ] 
The moment of inertia of the disk about the CM is 
l d =m/ 2 =(2.0 kg)(| mj =0.889 kg-m 2 

Angular momentum about the CM is conserved: 

L =r d m d v d =l d co +l 5 co =(l d +/J® 

rmu f| m l(2-0kg)(3.0m/s) 


l d +l s 0.889 kg-m 2 +3.11 kg-m 2 
= 4.0kg.m 2 /s = ^^ 

4.00 kg-m 2 1 - 1 


Angular momentum is conserved during the inelastic collision. 
Mva=lco 
Mva 3v 


I 


8d 



ANS. FIG. P11.63 

The condition, that the box falls off the table, is that the center of mass 
must reach its maximum height as the box rotates, h max =a-Jl. Using 
conservation of energy: 

i/co 2 =Mg[a>Jl-a] 

=Mg[asl2-a) 


f 8Mc?) 



U a) 
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P11.64 


i/=ySe(V2-i) 

For the cube to tip over, the center of mass (CM) 
must rise so that it is over the axis of rotation A B. 

To do this, the CM must be raised a distance of 
a(V2 -1). After the bullet strikes the cube, the 
system is isolated: 

K f +U f =K j MJ, 

O+Mfi0(V2-l)=i/^+O 

The moment of inertia of the cube about its CM 
(from Table 10.2) is 

/ c „=^M[(2a) J + (2a) 2 ]=AM a ! 

The cube rotates about an edge, V2a from the CM. By the parallel-axis 
theorem, 

/ =/ CM +w(V2a) 2 +2 Ma 2 =^Ma 2 

From conservation of angular momentum, 

Li touM =L, fcubei -» =f?W a 2 l© 



ANS. FIG. P11.64 


_ mv 
~2Ma 


Inserting the expression for co back into the energy equation, we have 


M g a(V2-l)=l[|Ma ; ]AA^.=^3ga(V2-l) 
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lNSWERS to even-numbered problems 


P11.2 

P11.4 

P11.6 

P11.8 

P11.10 

P11.12 

P11.14 

P11.16 

P11.18 

P11.20 


P11.22 

P11.24 

P11.26 

P11.28 

P11.30 

P11.32 


(a) 740 cm 2 ; (b) 59.5 cm 
See full solution in PI 1.4. 

(a) 168°; (b) 11.9°; (c) the first method 

(a) (-10.0 N ■ m)k; (b) Yes; (c) Yes; (d) Yes; (e) No; (f) 5.00j m 
(a) No; (b) No, the cross product could not work out that way. 
(-22.0 kg m 2 /s)k 

(a) (-9.03 x 10 9 kg • m 2 /s) j; (b) No; (c) Zero 


Jm 2 gr 


(a) 3.14 N • m; (b) (0.480 kg • m)\/; (c) 6.53 m/s 2 

(a) 2fi + f j; (b) The particle starts from rest at the origin, starts 
moving into the first quadrant, and gains speed faster while turning to 
move more nearly parallel to the X axis; (c) (l2ti +2 j) m/s 2 ; 

(d) (60fi +10j) N; (e) -40^ N m;; (f) -lO^k kg-m 2 /s; 

(g) (90f 4 + lOt 2 ) J; (h) (3601 3 + 20t) W 
L =(4.50 kg • m 2 / s)k 


K =—lco 2 
2 


1/W _L 2 
2 I 21 


(a) 7.06 x 10 33 kg • m 2 /s, toward the north celestial pole; 

(b) 2.66 x 10 40 kg • m 2 /s, toward the north ecliptic pole; (c) See P11.26(c) 
for full explanation. 

8.63 m/s 2 


(a) 7^ ;(b) T^r 


(a) 2.91 s; (b) Yes because there is no net external torque acting on the 
puck-rod-putty system; (c) No because the pivot pin is always pulling 
on the rod to change the direction of the momentum; (d) No. Some 
mechanical energy is converted into internal energy. The collision is 
perfectly inelastic. 
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P11.34 (a) 1.91 rad/s; (b) 2.53 J, 6.44 J 

P11.36 (a) 7.20 x 10~ 3 kg • m 2 /s; (b) 9.47 rad/s 

P11.38 (a) 2.35 rad/s; (b) 0.498 rad/s; (c) 5.58° 

P11.40 When the people move to the center, the angular speed of the station 
increases. This increases the effective gravity by 26%. Therefore, the 
ball will not take the same amount of time to drop. 

P11.42 131 s 

P11.44 (a) 0; (b) monkey and bananas move upward with the same speed; (c) 

The monkey will not reach the bananas. 

P11.46 (a) 0.250i m/s; (b) 0.000 716; (c) 0.250i m/s; (d) 15.8 rad/s; (e) 1.00; 

(f) See PI 1.46(f) for full explanation. 

P11.48 (a) 11.1 m/s; (b) 5.32 x 10 3 kg • m 2 /s; (c) See P11.48(c) for full 

explanation; (d) 12.0 m/s; (e) 1.08 kj 

P11.50 (a) 2.11 j rad/s; (b) See P11.50(b) for full problem statement; (c) Yes, 

with the left-hand side representing the final situation and the right- 
hand side representing the original situation, the equation describes 
the throwing process. 

P11.52 (a) 4.50 m/s; (b) 10.1 N; (c) 0.450 J 

P11.54 An asteroid that would cause a 0.500-s change in the rotation period of 
the Earth has a mass of 1.38 x 10 19 kg and is an order of magnitude 
larger in diameter than the one that caused the extinction of the 
dinosaurs. 

P11.56 (a) M vd; (b) M v 2 ; (c) M vd; (d) 2v; (e) 4 M v 2 ; (f) 3 M v 2 

36.0(1+3.20/7)) , 

P11.58 (a) (O f =-rad/s; (b) ox decreases smoothly from a 

f 1 + 20.0 m f y 

maximum value of 36.0 rad/s for m = 0 toward a minimum value of 
(36 x 3.2/20) = 5.76 rad/s as m -> °° 

P11.60 5.99 x 10 -2 J 

P11.62 (a) 2.0 m/s; (b) 1.0 rad/s 

Pll.64 ^3ga(>/2-l) 
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OQ12.5 


OQ12.6 


Answer (b). The lower the center of gravity, the more stable the can. 
In cases (a) and (c) the center of gravity is above the base by one-half 
the height of the can. In case (b), the center of gravity is above the 
base by only a bit more than one-quarter of the height of the can. 

Answer (d). Using the left end of the plank as a pivot and requiring 
that = 0 gives 

-mg[ 2.00 m) +F 2 (3.00 m) =0 


F _2m g _ 2(20.0kg)(9.80m/s 2 ) _ i;;iM 

2 3 3 


OQ12.7 Answer: z D > T c > t e > z B > t a . The force exerts a counterclockwise 
torque about pivot D. The line of action of the force passes through 
C, so the torque about this axis is zero. In order of increasing negative 
(clockwise) values come the torques about F, E and B essentially 
together, and A. 

OQ12.8 Answer (e). In the problems we study, the forces applied to the object 
lie in a plane, and the axis we choose is a line perpendicular to this 
plane, so it appears as a point on the force diagram. It can be chosen 
anywhere. The algebra of solving for unknown forces is generally 
easier if we choose the axis where some unknown forces are acting. 

OQ12.9 (i) Answer (b). The extension is directly proportional to the original 

dimension, according to F /A = Y AL 

(ii) Answer (e). Doubling the diameter quadruples the area to make 
the extension four times smaller. 

OQ12.10 Answer (b). Visualize the ax as like a balanced playground seesaw 
with one large-mass person on one side, close to the fulcrum, and a 
small-mass person far from the fulcrum on the other side. Different 
masses are on the two sides of the center of mass. The mean position 
of mass is not the median position. 
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ANSWERS TO CONCEPTUAL QUESTIONS 


CQ12.1 


CQ12.2 


CQ12.3 


CQ12.4 


CQ12.5 


CQ12.6 


The free-body diagram demonstrates that it is 
necessary to have friction on the ground to 
counterbalance the normal force of the wall and to 
keep the base of the ladder from sliding. If there is 
friction on the floor and on the wall, it is not 
possible to determine whether the ladder will slip, 
from the equilibrium conditions alone. 

A V-shaped boomerang, a barstool, an empty 
coffee cup, a satellite dish, and a curving 
plastic slide at the edge of a swimming pool 
each have a center of mass that is not within 
the bulk of the object. 


,t Jr 



ANS. FIG. CQ12.1 


(a) Consider pushing up with one hand on one side of a steering 
wheel and pulling down equally hard with the other hand on 
the other side. A pair of equal-magnitude oppositely-directed 
forces applied at different points is called a couple. 

(b) An object in free fall has a nonzero net force acting on it, but a 
net torque of zero about its center of mass. 


When one is away from a wall and leans over, one's back moves 
backward so the body's center of gravity stays over the feet. When 
standing against a wall and leaning over, the wall prevents the 
backside from moving backward, so the center of gravity shifts 
forward. Once your CG is no longer over your feet, gravity 
contributes to a nonzero net torque on your body and you begin to 
rotate. 


If an object is suspended from some point and allowed to freely 
rotate, the object's weight will cause a torque about that point unless 
the line of action of its weight passes through the point of support. 
Suspend the plywood from the nail, and hang the plumb bob from 
the nail. Trace on the plywood along the string of the plumb bob. 
The plywood's center of gravity is somewhere along that line. Now 
suspend the plywood with the nail through a different point on the 
plywood, not along the first line you drew. Again hang the plumb 
bob from the nail and trace along the string. The center of gravity is 
located halfway through the thickness of the plywood under the 
intersection of the two lines you drew. 

She can be correct. Consider the case of a bridge supported at both 
ends: the sum of the forces on the ends equals the total weight of the 
bridge. If the dog stands on a relatively thick scale, the dog's legs on 
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the ground might support more of its weight than its legs on the 
scale. She can check for and if necessary correct for this error by 
having the dog stand like a bridge with two legs on the scale and two 
on a book of equal thickness—a physics textbook is a good choice. 

CQ12.7 Yes, it can. Consider an object on a spring oscillating back and forth. 

In the center of the motion both the sum of the torques and the sum 
of the forces acting on the object are (separately) zero. Again, a 
meteoroid flying freely through interstellar space feels essentially no 
forces and keeps moving with constant velocity. 

CQ12.8 Shear deformation. Its deformations are parallel to its surface. 


SOLUTIONS TO END-OF-CHAPTER PROBLEMS 


Section 12.1 Analysis Model: Rigid Object in Equilibrium 

P12.1 Use distances, angles, and forces as shown in ANS. FIG. P12.1. The 
conditions of equilibrium are: 


£F y =0=>| F y +R y -F g =0 



ANS. FIG. P12.1 

P12.2 Take torques about P , as shown in ANS. FIG. P12.2. 

2> p =-n 0 +dj +m 1 g^ +dj +m b gd-m 2 gx =0 

We want to find X for which n 0 =0: 

(m.g+m^d+m.g^ K+mJd+m^ 
x =-- =-- 
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For the values given: 

(m x +m b )d+m 1 - 

y = - 2 . 


(5.00 kg +3.00 kg)(0.300 m) +(5.00 kg ) LQ ^ m 
x =-^— 

15.0 m 

x =0.327 m 



ANS. FIG. P12.2 


The situation is impossible because X is larger than the remaining 
portion of the beam, which is 0.200 m long. 


Section 12.2 More on the Center of Gravity 


The coordinates of the center of gravity of 
piece 1 are 



— 

X 1 =2.00 cm and y x =9.00 cm 




The coordinates for piece 2 are 18 0 

on 

1 


X 2 =8.00 cm and y 2 =2.00 cm 



1 

The area of each piece is 



2 I 4.001 

A 1 =72.0 cm 2 and A 2 =32.0 cm 2 

I 2 ' 00 " -A 1 


ANS. FIG. P12.3 
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And the mass of each piece is proportional to the area. Thus, 

_(72.0 cm 2 )(2.00 cm ) +(32.0 cm 2 )(8.00 cm) 

XcG ~~ J j m i 72.0 cm 2 +32.0 cm 2 

= |~3.85 cm | 

and 

_S m ,y, _( 72 -° cm 2 )(9.00 cm ) +(32.0 cm 2 )(2.00 cm) 
ycG ~~ £m, 104 cm 2 

= [~6.85 cm | 

P12.4 The definition of the center of gravity as the average position of mass 
in the set of objects will result in equations about X and y coordinates 
that we can rearrange and solve to find where the last mass must be. 

Fromr C6 =^^, 

We require the center of mass to be at the origin; this simplifies the 
equation, leaving 

Xm ; x ; =0 and X™,y, =0 

To find the X coordinate, we substitute the known values: 

(5.00 kg)(o m ) 43-00 kg)(0 m) 

+(4.00 kg)(3.00 m )+(8.00kg)x=0 
Solving for X gives X = -1.50 m. 

Likewise, to find the y coordinate, we solve: 

(5.00 kg)(o m )+(3.00kg)(4.00 m) 

+(4.00 kg)(0 m )+(8.00kg)y=0 

to find y = -1.50 m 

Therefore, a fourth mass of 8.00 kg should be located at 
r 4 =|(-1.50i-1.50j)m| 
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P12.5 


P12.6 


Let o represent the mass-per-face area. (It would be equal to the 
material's density multiplied by the constant thickness of the wood.) A 

(x-3 00 ) 2 

vertical strip at position X, with width dx and height -- : -, has 


dm 


g[x-3.00) 2 dx 


The total mass is 


M =jdm = j q 3) - =(j) J (x 2 -6x +9)dx 


■(III 


'-'If 


The X coordinate of the center of gravity is 

\xdm 

Y - 


-i 3.UU 3.UU 

— J ox[x-3) 2 dx = — J (x 3 -6x 2 +9x)dx 


_l[x 4 6x 3 ,9 x 2 1 3[ 
9L 4 3 2 J 0 


= | 0.750 m| 



We can visualize this as a whole pizza with mass m 1 and center of 
gravity located at x v plus a hole that has negative mass, -m 2 , with 
center of gravity at X 2 : 

m 1 x 1 -m 2 x 2 
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P12.7 


Call cr the mass of each unit of pizza area. 


onR 2 0 


-■HI) i 


onR 2 -on 


X CG 


_ R /8 

"3/4 



In a uniform gravitational field, the center of mass and center of 
gravity of an object coincide. Thus, the center of gravity of the triangle 
is located at X = 6.67 m, y = 2.33 m (see Example 9.12 on the center of 
mass of a triangle in Chapter 9). 

The coordinates of the center of gravity of the three-object system are 
then: 


*CG 


y CG 


X m i x i 

(6.00 kg)(5.50 m)+(3.00 kg)(6.67 m)+(5.00 kg)(-3.50 m) 
(6.00 +3.00 +5.00) kg 


35.5 kg-m 
14.0 kg 


2.54 m I and 


'1m, 

(6.00 kg)(7.00 m)+(3.00 kg)(2.33 m)+(5.00 kg)(43.50 m) 
14.0 kg 


66.5 kg-m 
14.0 kg 


=| 4.75 m 


Section 12.3 Examples of Rigid Objects in Static Equilibrium 
P12.8 The car's weight is 

F g =mg =(l 500 kg)(9.80 m/s 2 ) 

=1 4700 N 

Call F the force of the ground on each of the 
front wheels and R the normal force on each of 
the rear wheels. If we take torques around the 
front axle, with counterclockwise in the picture 



ANS. FIG. P12.8 
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chosen as positive, the equations are as follows: 

YF X = 0 : 0=0 

SF y = 0: 2R -14 700N +2F =0 

St =0: +2R(3.00m)-(14 700 N)(1.20m) +2F(0) =0 


The torque equation gives: 

R= 17 , 64 n ° n N ' m =2 940N=^94kNl 
5.00 m 1 - 1 

Then, from the second force equation, 

2(2.94 kN) -14.7 kN +2F =0 and F = |4.41kN| 


P12.9 


The second condition for equilibrium at the 
pulley is 

St =0 =mg[3r)-Tr 

and from equilibrium at the truck, we 
obtain 

IT- Mgsin45.0° =0 
j. _Mgsin45.0° 

2 

_(l500 kg)gsin45.0° 

2 

=530 gN 


3 r 



solving for the mass of the counterweight from [1] and substituting 
gives 


T 530 g 
m =— =—- 
3 g 3 g 


4 177 *8 I 


P12.10 (a) For rotational equilibrium of the lowest rod about its point of 

support, St =0. 

+(12.0 g)g(3.00 cm)-m 1 g(4.00 cm) =0 
which gives 

| m 1 =9.00~g~| 

(b) For the middle rod, 

+m 2 g[ 2.00 cm) - (l2.0 g +9.0 g)g(5.00 cm) =0 
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which gives 



(c) For the top rod, 

(52.5 g +12.0 g +9.0 g)g(4.00 cm) -m 3 g (6.00 cm) =0 
which gives 



P12.ll Since the beam is in equilibrium, we choose the center as our pivot 
point and require that 

X Center =~ F S am ( 2 ‘ 80 ^0+F Joe (l.80 m) =0 
or 

Fjoe =1-56 F Sam [1] 

Also, 

J J F y = 0 => F Sam +F ]oe =450 N [2] 

Substitute equation [1] into [2] to get the following: 

F Q +1.56F, =450 N or F, =^^ = 176 N 

bam bam bam ^ 

Then, equation [1] yields F Joe =1.56(176 N) =274 N 

Sam exerts an upward force of 176 N. 

Joe exerts an upward force of 274 N. 

P12.12 (a) To find U , measure distances and forces from point A . Then, 

balancing torques, 

(0.750 m)U =(29.4 N)(2.25) |j|7 =88.2 N[] 

(b) To find D, measure distances and forces from point B. Then, 
balancing torques, 

(0.750 m)D =(l.50 m)(29.4 N) | D =58.8 N | 

Also, notice that U =D +F g , so ^F y =0. 

P12.13 (a) The wall is frictionless, but it does exert a horizontal normal force, 

n w 

'LF X = f-n w =0 

XF y =n g - 800 N-500 N =0 
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P12.14 


Taking torques about an axis at the foot of the ladder, 
(800 N)(4.00 m)sin30.0° +(500 N)(7.50 m)sin30.0° 
-n w { 15.0 cm)cos30.0° =0 
Solving the torque equation, 

_[(4.00 m)(800 N) +(7.50 m)(500 N)]tan30.0° _ 

w 15.0 m 

Next substitute this value into the F equation to find 


f —n w = | 268 N | in the positive X 
direction. 

Solving the equation ^F y =0, 

n g = | 1300 N~| in the positive 
y direction 

(b) Refer to ANS. FIG. P12.13(b) on the right. In tf 
equation =0 gives: 



(9.00 m)(800N)sin30.0° 

+(7.50 m)(500 N)sin30.0‘ 

-(15.0 m)(n w )sin60.0° =0 
or n w =421 N 

Since f =n w =421 N and f = f max =/Jn g , we find 
f 


A\n g 

ANS. FIG. P12.13(b) 


V=- 


_ 421 N 
_ 1300 N 


= 0.324 


(a) The wall is frictionless, but it does exert a horizontal normal force, 
n w . 


J j F x = f~n w = 0 
£F y =n g -m 1 g-m 2 g =0 


[1] 

[ 2 ] 


=-/?),g[ - \cos0-m 2 gxcosd +n w L sin0 =0 


From the torque equation. 


n -=[h g {i 


| m 2 g cot 0 
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P12.15 


P12.16 


Then, from equation [1]: 



'1 


f =n w = 

2 m i g + ^J m 29 

o 

u 


and from equation [2]: n g = | (m 1 +m 2 )g | 


(b) Refer to ANS. FIG. P12.13(b) above. If the ladder is on the verge 
of slipping when X = d, then 


(a) Vertical forces on one-half of the chain are 

T e sin 42.0° =20.0 N 

[f e =29.9 N | 

(b) Horizontal forces on one-half of the chain are 

T e cos 42.0° =T m 


(m 1 /2+m 2 af//.)cot0 

m 1 +m 2 


[T m =22.2 N | 

(a) See the force diagram shown in ANS. 

FIG. P12.16. // f 

(b) Select a pivot point where an unknown 
force acts so that the force has no torque 
about that point. Picking the lower end of 
the beam eliminates torque from the 
normal force, n, and the friction force, f. 

lower end =0: 

0 +0-mg^cosflj +T (L sin#) =0 
or 

T _mgf cosd^ 

2~t sird? J 

(c) From the first condition for equilibrium, 

YF X =0 => -T +p/i =0 or T =pn [1] 

2,F y =0 n-mg =0 or n =mg [2] 


^cote 
2 



\0 fs = C/v)max = W 

ANS. FIG. P12.16 
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Substitute equation [2] into [1] to obtain |7~ =jti s mgj . 


(d) 


Equate the results of parts (b) and (c) to obtain 



This result is valid only at the critical angle 6 where the beam is 
on the verge of slipping (i.e., where f s = (f s ) max is valid). 

(e) [The ladder slips.] When the base of the ladder is moved to the 

left, the angle 6 decreases. According to the result in part (b), the 
tension T increases. This requires a larger friction force to balance 
T, but the static friction force is already at its maximum value in 
ANS. FIG. P12.16. 

P12.17 (a) In Figure P12.17, let the "Single point of contact" be point P, the 

force the nail exerts on the hammer claws be R , the mass of the 
hammer (1.00 kg) be M, and the normal force exerted on the 
hammer at point P be n, while the horizontal static friction 
exerted by the surface on the hammer at P be f. 

Taking moments about P, 

(ftsin30.0°)0 +(Rcos30.0°)(5.00 cm) +Mg[ 0) 

-(150N)(30.0 cm) =0 

R =1039.2 N =1.04 kN 


The force exerted by the hammer on the nail is equal in 
magnitude and opposite in direction: 

| 1.04 kN at 60° upward and to the righT| 

(b) From the first condition for equilibrium, 

£F X =f-R gin 30.0° +150 N =0-> f =370 N 
£F y =n-Mg-Rc os30.0° =0 

-» n =(l.00 kg)(9.80 m/s 2 ) +(l 040 N)cos30.0° =910 N 


P12.18 


iU«=(370i+910j)N 


(a) See the force diagram in 
ANS. FIG. P12.18. 

(b) The mass M of the beam is 

20.0 kg. We consider the 
torques acting on the beam, 
about an axis perpendicular 



ANS. FIG. P12.18 
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P12.19 


to the page and through the left end of the horizontal beam. 
=MT sin 30.0° )d- Mgd=0 
T= ^^ = m^ = 
sin 30.0° sin 30.0° 

(c) From ^F x =0, H -T cos 30.0° =0, 

or H =(392 n)cos30.0° = | 339 N to the right | 

(d) From £F y =0, \/ +Tsin 30.0°-196 N =0, 
or \/ =196 N (392 N )sin 30.0° = 0 | 

(e) From the same free-body diagram with the axis chosen at the 
right-hand end, we write 

=H(0)-Vd+T(0 ) +196N(0) =0, so \V =0\ 


(f) From £F y =0, \/ +Tsin 30.0°-196 N =0, 
or T =0 +196 N/sin 30.0° = | 392 N | 

(g) From YjF x =0, H -T cos30.0° =0, 

or H =(392 n) cos30.0° = | 339 N to the right | 

(h) [The two solutions agree precisely. They are equally accurate.| 


The bridge has mass M = 2 000 kg and the knight and horse have mass 
m = 1 000 kg. Relative to the hinge end of the bridge, the cable is 
attached horizontally out a distance X =(5.00 m)cos20.0° =4.70 m and 
vertically up a distance y =(5.00 m)sin20.0° =1.71 m. The cable then 
makes the following angle with the vertical wall: 


6 =tan 1 


(4.70) m 
12.0-1.71m 


=24.5° 


Call the force components at the hinge H x (to the right) and H y 
(upward). 

(a) Take torques about the hinge end of the bridge: 

H x (0) +H y (0) - M g(4.00 m)cos20.0° 

- (T sin24.5°)(1.71 m) +(l cos 24.5°)(4.70 m) 
-mg (7.00 m) cos 20.0° =0 


which yields T = | 27.7 kN~| 
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P12.20 


(b) J J F X =O^H x -T: sin 24.5° =0, 

or H x =(27.7 kN)sin24.5° = | 11.5 kN (right) | 

(c) =0 => H y - M g +T cos24.5°-mg =0 
Thus, 

H y =(M +m)g-[27.7 kN)cos24.5° =-4.19 kN 
= [~4.19 kN down | 


(a) 


No time interval. The horse's feet lose contact with the 
drawbridge as soon as it begins to move. 


From the result of (b) below, the tangential acceleration of the 
point where the horse stands is 

4 =ocr =(l.73 rad/s 2 )(7.00 m) =12.1 m/s 2 


(b) 


which has a vertical component ^cos20.0° =11.4 m/s 2 , greater 
than the acceleration of gravity. 


Assuming that the bridge does fall from 
under the horse, its angular acceleration will 
be caused by torque from the weight of the 
bridge—if the bridge does not fall out from 
under the horse, there will be additional 
torque from the weight of the knight and 
horse, and the acceleration will be greater. 

=la 



"mg 

ANS. FIG. P12.20(b) 



-Mt 2 a- 


3 geos 20.0° 

' 2(8.00 m) 


= |l.73 rad/s | 


As cited in part (a), this results in the bridge falling out from 
under the horse, so our assumption was justified. 

(c) Because there is no friction at the hinge, the bridge-Earth system 
is isolated, so mechanical energy is conserved. When the bridge 
strikes the wall: 


=K f +U f 

Mgh=^lco 2 -> Mg^j(l +sin20.0 °) =^-^M f'jco 2 
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which gives 

hgfl +sin20.0°) |- 1 

QJ =J „ ^ - 1 = 2.22 rad/s 

V 8.00 m 1 - 1 

(d) The tangential acceleration of the center of 
mass of the bridge is 

3 =-a =-(8.0 m)(l.73 rad/s 2 ) 

=6.92 m/s 2 

which is directed 20.0° below the 
horizontal. By Newton's second law: ANS. FIG. P12.20(d) 

lF x =Ma x 

H x =(2 000 kg)(6.92 m/s 2 )sin20.0° 

=4.72 kN 
lF y =Ma y 

H y ~ Mg =M a y 

H y =(2 000 kg)( 9 .80 m/s 2 ) 

+(2 000 kg)(-6.92 m/s 2 )cos20.0° 

= [h 62 kh^ 



The force at the hinge is (4.72i +6.62 j) kN. 


(e) When the bridge strikes the wall, H x = 0 and ^ 
the hinge supplies a vertical centripetal force: a 

"It 


lF y =Ma y 


H y -Mg=Ma y =Mco 2 | 

H y =Mg+Mro 2 ^=M^g +co 


H y =(2 000 kg)( 9.80 m/s 2 +(2.22 rad/s) 2 - 


ANS. FIG. P12.20(e) 

2 ) 


H y = |59.1 kj | 
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P12.21 Call the required force F, with components F x =F cos 15.0° and 

F y =-F sin 15.0°, transmitted to the center of the wheel by the handles. 



ANS. FIG. P12.21 


Just as the wheel leaves the ground, the ground exerts no force on it. 

£F X = 0: F cos 15.0 °-n x =0 [1] 

£F y =0: -Fsin 15.0°-400 N +n y =0 [2] 

Take torques about its contact point with the brick. The needed 
distances are seen to be: 

b=R- 8.00 cm =(20.0 - 8.00) cm =12.0 cm 

a=yjFt 2 -tf =^/(20.0 cm) 2 -(8.00 cm) 2 =16.0 cm 

(a) 5>=0: - FJc +F y a +(400 N) a =0, or 

F[-(l2.0 cm)cosl5.0° +(l6.0 cm)sinl5.0°] +(400 N)(l6.0 cm) =0 


(b) Then, using equations [1] and [2], 

n x =(859 n)cos 15.0° =830 N and 
n y =400 N +(859 N)sinl5.0° =622 N 


n =yjnl +rf y = | 1.04 kN~| 
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P12.22 


Call the required force F, with components F x =Fcos0 and 
F y =-F sin 6 , transmitted to the center of the wheel by the handles. 



rs. 



ANS. FIG. P12.22 

Just as the wheel leaves the ground, the ground exerts no force on it. 

J J F X = 0: Fcos6-n x =0 [1] 

£F y = 0: -FsinO-mg +n y =0 [2] 

Take torques about its contact point with the brick. The needed 
distances are seen to be: 

b=R-h 

a=^R 2 - (r~ hf =^2Rh-tf 
(a) =0: - F x b +F y a +mga =0, or 

F [-bcos0 +asin0] +mga =0 
' C - m 9a 


bcosO- asinO 


ng^lRh-h 2 


(r - h)cos6-\llRh-h 2 sind 


(b) Then, using equations [1] and [2], 
n =F cos 6 = 


mg\llRh-h 2 cos 6 


[R -h)cosO-\llRh-h 2 sin 6 


and n =F sin 6+mg = 


mg 


^ \llRh-h 2 cosd 

[r -h)cos6-\l2Rh-h 2 sin0 
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P12.23 


When X =X min , the rod is on the verge 
of slipping, so 

f=(f s ) max = J u s n=0.50n 
From YjF x =0, n-T cos37° =0 
or n = 0.7997 

Thus, f =0.50 (0.799T) =0.3997 
From YjF y =0, f +7sin37°- 2F g =0, 



ANS. FIG. P12.23 


or 0.3997 +0.6027 - 2F g =0, giving 7 =2.00F g 

Using = 0 f° r an axis perpendicular to the page and through the 
left end of the beam gives 

- F „ ■ X (2-0 in) +[(2Fjsin37»](4.0 m) =0 

which reduces to X mm = | 2.81 m~| 


P12.24 (a) The force diagram is shown in ANS. FIG. P12.24. 

(b) From X F y =0 => n F - 120 N - m monkey g =0 

n F =120 N +(l0.0 kg)(9.80 m/s 2 )' 42l8Nl 
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(c) When x = 2L/3, we consider the bottom end of the ladder as our 
pivot and obtain 

I ^bottom =0: 


-(120 N)f^cos60.0° |-(98.0 N)| 


2 / 


cos 60.0‘ 


+n w (X sin 60.0°) =0 

[60.0 N+(l96/3) Nlcos60.0° 

or n w =^---J-=72.4 N 

w sin 60.0° 

Then, £F X =0 => T~n w =0 or T =n w = |72.4N| 

(d) When the rope is ready to break, T =n w =80.0 N. Then 
Xt| bottom =0 yields 


-(120 N)(jcos60.0°j-(98.0 N)xcos60.0° 

+(80.0 N)[L sin60.0°) =0 

[(80.0 N)sin60.0°-(60.0 N)cos60.0°]l 

or x =- 7 - t-— 

(98.0 N)cos60.0° 

=0.802L =0.802(3.00 m) = |2.41 m| 

(e) If the horizontal surface were rough and the rope removed, a 

horizontal static friction force directed toward the wall would act 
on the bottom end of the ladder. Otherwise, the analysis would be 
much as what is done above. The maximum distance the monkey 
could climb would correspond to the condition that the friction 
force have its maximum value, /i/) h , so you would need to know 
the coefficient of static friction between the ladder and the floor to 
solve part (d). 

P12.25 Consider the torques about an axis perpendicular to the page and 
through the left end of the plank. = 0 gives 

-(700 N)(0.500 m)-(294 N)(l.00 m) 

+(T 1 sin40.0°)(2.00 m) =0 


or 7j = |501N| 
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Then, £F X =0 gives 

-Tg +T a cos 40.0° =0 

or r 3 =(501 n) cos40.0° = | 384 N | 

From X^V =0/ 

T 2 - 994 N +Tj sin 40.0° =0, 
or T 2 =994 N - (501 n) sin 40.0° = | 672 N [ ( 



ANS. FIG. P12.25 


Section 12.4 Elastic Properties of Solids 

P12.26 Count the wires. If they are wrapped together so that all support 
nearly equal stress, the number should be 


20.0 kN 
0.200 kN 


=100 


Since cross-sectional area is proportional to diameter squared, the 
diameter of the cable will be 


P12.27 We use B 


(l mm )VioopT cm | 

A P _ A PV j 
~~AV/V j AV~' 


A PV 1.13xl0 8 N/m 2 lm 3 ,- th 

a AV =- =-AJ- =- 1 -4- A - L J _o.053 8 m 3 

’ B 0.21 xlO 10 N/m 2 I-1 

(b) The quantity of water with mass 1.03 x 10 3 kg occupies volume at 
the bottom: lm 3 - 0.053 8 m 3 =0.946 m 3 . 


So its density is 1-03x10 kg —I pQ9 x 10 3 kg/m 3 I 
0.946 m 3 1 - 1 
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P12.28 


P12.29 


P12.30 


P12.31 


(c) 


With only a 5% volume change in this extreme case, liquid 
water is indeed nearly incompressible. 


(a) We find the maximum force from the equation for stress: 


stress =— = ~ir 
A nr 


F =( stress )n 


F =(l.50x 10 s N/m 2 );rf 2-50x10 


F =1 73.6 kN I 


(b) From the definition of Young's modulus. 


stress =Y (strain) 


=1 2.50 mm I 


AL _(stress)/.,. _(l.50xl0 8 N/m 2 )(0.250 m) 

Y 1.50 xlO 10 N/m 2 

From the defining equation for the shear modulus, we find Ax as 
hf (5.00 xlO" 3 m)(20.0N) 


AX = 


SA (3.0xlO 6 N/m 2 )(14.0xlO" 4 m 2 


=2.38 x 10~ 5 m 


or Ax = | 2.38 x 10 2 mm j 

stress 

The definition of Young's modulus, Y , 

1 strain 


means that Y is the 


slope of the graph: 


300xlO 6 N/m 2 


0.003 

(a) From ANS. FIG. P12.31(a), 

F=oA 

=(4.00xlO 8 N/m) 
x[tt (0.500xlO -2 m 
=|3.14xl0 4 n| 


=| 1.0 xlO 11 N/m 2 


f 


jl.O cm 


ANS. FIG. P12.31(a) 
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P12.32 


P12.33 


P12.34 


(b) 


Now the area of the molecular layers 
sliding over each other is the curved 
lateral surface area of the cylinder being 
punched out, a cylinder of radius 0.500 cm 
and height 0.500 cm. So, 

F=oA 

=o{h){2nr) 



ANS. FIG. P12.31(b) 


=(4.00xlO 8 N/m)(27r)(0.500 x 10~ 2 m) 
x (0.500 x!0~ 2 m) 


= |6.28xl0 4 N] 


Let V represent the original volume. Then, 0.090 OP is the change in 
volume that would occur if the block cracked open. Imagine squeezing 
the ice, with unstressed volume 1.09V, back down to its previous 
volume, so AV = -0.090 OP. According to the definition of the bulk 
modulus as given in the chapter text, we have 



(2.00 x 10 9 N/m 2 )(- 0.090 01/) 
L09\7 

=| 1.65 x 10 8 N/m 2 ] 


Young's Modulus is given by Y 


F/A 
"a l/l; 


The load force is 


so 


F = (200 kg)(9.80 m/s 2 ) = 1 960 N. 

^ _ FL , _ (1 960 N)(4.00 m)(l 000 mm/m) 

“(o.200 x 10“* m 2 )(8.00 x 10 10 N/m 2 ) 


4.90 mm | 


Part of the load force extends the cable and part compresses the 
column by the same distance At 


f -W 

4 4 
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from which we obtain 


Y a A a /I a +W*s 

._ 8 500 N _ 

(7 x 10 10 ]k (o. 162 4 2 - 0.161 4 2 )/4(3.25) +20 x 10 10 tt(0.012 7f /4 (5.75) 

: | 8.60 xlO -4 m 


P12.35 Let the 3.00-kg mass be mass #1, with the 5.00-kg mass, mass # 2. 
Applying Newton's second law to each mass gives 

m^a =T 

and m 2 a=m 2 g-T 
where T is the tension in the wire. 

Solving equation [1] for the acceleration gives 

T 

a = - g 

m i 

and substituting this into equation [2] yields 

m 2T 

-^-T -m 2 g =m 2 g~T 

Solving for the tension T gives 

T 2m m g 2 ( 3.00 kg)(5.00 kg)(9.80 m/s J ) 

/ =-=-=00.0 INI 


in 

[ 2 ] 


+m . 


8.00 kg 


From the definition of Young's modulus, Y 
the wire is: 

_7L, _ (36.8 N)(2.00 m. 


FL i 

a[al) 


, the elongation of 


A L 


YA ( 2 .OO x 10 11 N/m 2 )tt( 2.00x 10“ 3 m) 2 
= | 0.029 2 mmj 


P12.36 A particle under a net force model: 
1 1 At 
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Hence, 


w 


30.0kg|-10.0 m/s-20.0 m/$[ 
0.110 s 


=8.18 xlO 3 N 


By Newton's third law, this is also the magnitude of the average force 
exerted on the spike by the hammer during the blow. Thus, the stress 
in the spike is 


Stress 


_F 8.18 x 10 3 N 
A 7r(o.023 0 m) 2 / 4 


=1.97 xlO 7 


N/m 2 


and the strain is 


strain 


stress _1.97xl0 7 N/m 2 
Y 20.0xlO 10 N/m 2 


=| 9.85 x 10 5 " 


Additional Problems 

P12.37 Let n A and n B be the normal forces at the points of support. Then, from 
the translational equilibrium equation in the y direction, we have 

J J F y = 0: n A +n B -(8.00xl0 4 kg)g-(3.00xl0 4 kg)g=0 

Choosing the axis at point A , we find, from the condition for rotational 
equilibrium: 

= 0 : 

- (3.00x 10 4 kg)(15.0 m )g- (8.00x 10 4 kg)(25.0 m )g 
+n e (5 0.0 m) =0 

We can solve the torque equation directly to find 

_[(3.00xl0 4 kg)(l5.0 m)+(8.00xlO 4 kg)(25.0 m)](9.80 m/s 2 ) 
B 50.0 m 

=4.80xlO 5 N 

Then the force equation gives 

n A =(8.00 x 10 4 kg +3.00 x 10 4 kg)(9.80 m/s 2 )- 4.80 x 10 5 N 
=5.98 x 10 5 N 
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P12.38 (a) [Rigid object in static equilibrium.| 

(b) ANS. FIG. P12.38 shows the free-body diagram. 

x 

\* -4.00 m- 

ANS. FIG. P12.38 


Mg = (90.0 kg)g = 882 N, and mg = (55.0 kg)g = 539 N. 

(c) Note that about the right pivot, only n 1 exerts a clockwise torque, 
all other forces exert counterclockwise torques except for n 2 which 
exerts zero torque. [The woman is at x = 0 when n 1 is greatest.) 
With this location of the woman, the counterclockwise torque 
about the center of the beam is a maximum. Thus, n 1 must be 
exerting its maximum clockwise torque about the center to hold 
the beam in rotational equilibrium. 

(d) |n 1 =0| As the woman walks to the right along the beam, she will 
eventually reach a point where the beam will start to rotate 
clockwise about the rightmost pivot. At this point, the beam is 
starting to lift up off of the leftmost pivot and the normal force 
exerted by that pivot will have diminished to zero. 

(e) When the beam is about to tip, n 1 = 0, and 

Y,F y =0 gives 0 + n 2 - M g - mg = 0, or 


n 2 =Mg +mg =882 N +539 N = |l.42x!0 3 n| 

(f) Requiring that the net torque be zero about the right pivot when 
the beam is about to tip (n 1 = 0) gives 

St =n 2 (0)+(4.00 m-x)mg +(4.00 m-3.00 m)M g =0 

or ( mg)x =(l.00 m)M g +(4.00 m)mg, and 


< =(l.00 


m)-1-4.00 m 


, \(90.0 kg) |-1 

Thus, x= 1.00 m )- ^ +4.00 m = 5.64 m 

' '(55.0 kg) 1 - 1 
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(g) When Dj = 0 and n 2 = 1.42 x 10 3 N, for torque about the left pivot: 
=0 — (539 N)x-(882 N)(3.00 m) 

+(l.42xl0 3 N)(4.00 m) =0 


or 


-3.03xlO 3 N-m 
-539 N 


|5.62 m| 


which, within limits of rounding errors, is 
| the same as the answer to part (f) |. 


P12.39 


X F y =0: +380 N - F g +320 N =0 
F g =700 N 

Take torques about her feet: 

= 0 : 

-380N(l.65m)+(700 N)x 

+(320 N)0 =0 



ANS. FIG. P12.39 


x = | 0.896 m~| 

P12.40 When the concrete has cured and the pre-stressing tension has been 
released, the rod presses in on the concrete and with equal force, T v 
the concrete produces tension in the rod. 

(a) In the concrete: 

stress =8.00 x 10 6 N/m 2 =Y • (strain) =Y 
Thus, 

a# _(stress)L ( . _(8.00x10 6 N/m 2 )(l.50m) 

Y 30.0xlO 9 N/m 2 

or A L =4.00 x 10m = | 0.400 mm | 

(b) In the concrete: 

stress =— =8.00 x 10 6 N/m 2 

A ' 
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T 2 =(8.00 x 10 6 N/m 2 )(50.0 x KT 4 m 2 ) = | 40.0 kN | 

(c) For the rod: 

^ = (t7) v '-“ so al= \C, 

(4.00xlO 4 N)(l.50 m) 

“(1.50X10" 4 m 2 )(20.0xl0 10 N/m 2 ) 

=2.00 x 10~ 3 m = | 2.00 mm | 

(d) The rod in the finished concrete is 2.00 mm longer than its 
unstretched length. To remove stress from the concrete, one must 
stretch the rod 0.400 mm farther, by a total of | 2.40 mm~| . 

(e) For the stretched rod around which the concrete is poured: 




T.H 


f 2. 40x!0~ 3 m 
1.50 m 

= | 48.0 kN | 

We reproduce the forces in ANS. FIG. P12.41, 


1.50xlO" 4 m 2 )(20.0xl0 10 N/m 2 ) 



0.080 m 

‘f n , = F, sin 12.0° 


F sx 





F a = f 

cos 12.0° 


Pivot 

/ 0.290 m 

41.5 N 



ANS. FIG. P12.41 


Requiring that X T =0/ using the shoulder joint at point O as a pivot, 
gives 

5> =(F t sinl2.0°)(0.080 0 m)-(41.5 N)(0.290 m) =0 
or F t = | 724 N | 

Then 

J J F y = 0 ^ -Fy +(724 N)sin 12.0°-41.5 N =0 
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yielding =109 N 
X,7 x =0 then gives 

- (724 n)cos 12.0° =0, or =708 N 

Therefore, 

F s =^Fl+Fl =y/(708 N) 2 +(l09 n) 2 =| 716 N | 

P12.42 In the free-body diagram 
of the foot given at the 
right, note that the force R 
(exerted on the foot by the 
tibia) has been replaced by 
its horizontal and vertical 
components. Employing 
both conditions of 
equilibrium (using point O 
as the pivot point) gives 
the following three 
equations: 

X,F x =0 => R sin 15.0°-7"sin0 =0 



_ T sin 0 

or R =- 

sin 15.0° 

Y,F y =0 => 700 N-Rcosl5.0° +7cos0 =0 

Xt 0 =0 => -(700 N)((l8.0 cm)cos0]+7(25.0 cm-18.0 cm) =0 

or 7 =(l 800 N)cos0 

Substituting equation [3] into equation [1] gives 



sin 0 cos 6 


Substituting equations [3] and [4] into equation [2] yields 

I J_800JSJ_ I sin 0 cc >s0-(i 800 N )cos 2 0 =700 N 
^ tan 15.0° J ' ' 


which reduces to: sin0cos0 =(tan 15.0°)cos 2 0 +0.104 2 


[ 1 ] 

[ 2 ] 

[3] 

[4] 
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Squaring this result and using the identity sin 2 9 =1 - cos 2 9 gives 
[tan 2 (15.0°) +l] cos 4 0 

+[(2tanl5.0°)(0.104 2)-l] cos 2 9 +(0.104 if =0 

In this last result, let U =cos 2 9 and evaluate the constants to obtain the 
quadratic equation: 

(1.071 8)lf- (0.944 2)u +0.010 9 =0 

The quadratic formula yields the solutions U = 0.869 3 and U = 0.0117. 
Thus, 

0=cos“ 1 (^0.869 3) =21.2° or 9 =cos“ 1 ( > /0.011 7 ) =83.8° 


We ignore the second solution since it is physically impossible for the 
human foot to stand with the sole inclined at 83.8° to the floor. We are 
the left with 6 =| 21.2° |. 

Equation [3] then yields 

T =(l 800 n) cos21.2° = | 1.68 kN | 
and equation [1] gives 

(l.68 xlO 3 N)sin21.2° 

R =- - - - 

sin 15.0° 


| 2.34 kN | 


P12.43 


(a) ANS. FIG. P12.43 shows the force diagram. 

(b) If x = 1.00 m, then 

2> 0 =(-700 N)(l.00 m)-(200 N)(3.00 m) 
-(80.0 N)(6.00 m) 

MT sin 60.0° )(6.00 m) =0 


O 



U—3.00 m— *U —3.00 m —+1 


ANS. FIG. P12.43 


80.0 N 


Solving for the tension gives: T = | 343 N ~| . 
From J J F X =0, R x =Tc os60.0° = | 171 N | . 
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From £F y =0, R y =980 N-Tsin60.0° = | 683 N | . 

(c) If T = 900 N: 

£t 0 =(-700 N)x-(200 N)(3.00 m)-(80.0 N)(6.00 m) 
+[(900 N)sin60.0°](6.00 m) =0 


P12.44 


Solving for X gives x = | 5.14 m~| . 


(a) See ANS. FIG. P12.44 for the force diagram. See the solution in the 
textbook. The weight of the uniform gate is 392 N. It is 3.00 m 
wide. The hinges are separated vertically by 1.80 m. The bucket of 
grain weighs 50.0 N. One of the hinges, which we suppose is the 
upper one, supports the whole weight of the gate. Find the 
components of the forces that both hinges exert on the gate. 

(b) From the torque equation. 


738 N-m 

i.8 m 


=410 N 


Then A = 410 N. Also B = 442 N. 


The upper hinge exerts 410 N to the left and 442 N up. 
The lower hinge exerts 410 N to the right. 




B 



50 N| 

3.0 

, 392 N 

*1 

i m 



ANS. FIG. 



P12.45 We know that the direction of the force from the cable at the right end 
is along the cable, at an angle of 6 above the horizontal. On the other 
end, we do not know magnitude or direction for the hinge force R so 
we show it as two unknown components. 

The first condition for equilibrium gives two equations: 


J J F X = 0: 4fl s -Tcos0=O 
X F y =0: +R y - F g +T sin0 =0 
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Taking torques about the left end, we find the second condition is 

X* =0: 

R y ( 0) +R S (0) - F g (d +L) +(O)(Tcos0) +(d+2L)(T sin0) =0 



P12.46 


ANS. FIG. P12.45 


(a) 


The torque equation gives 


W+d[ 

sin 0(2L +d) 


(b) Now from the force equations. 


F g [L +d)c otd 

and R y = 

F J- 

2 L +d 


2 L +d 


ANS. FIG. P12.46 shows the force diagram. 

S Tpoint o =0 gives 

(T cos25.0°)^^sin65.0°j +(T sin 25.0°)^^- cos 65.0°j 
=(2 000 n)(^cos 65.0°) +(l 200 n)(^|cos65.0° 


From which, T =1 465 N = | 1.46 kN~| 

From SF x =0, 

H =T cos25.0° =1328 N(toward right) = | 1.33 kN | 
From SF y =0, 

\/ =3 200 N-Tsin25.0° =2 581 N(upward) = | 2.58 kN 
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P12.47 


P12.48 



ANS. FIG. P12.46 


We interpret the problem to mean that the 
support at point B is frictionless. Then the 
support exerts a force in the X direction 
and 

F By =0 

1f x =f Bx -f Ax =0 

F Ay -( 3 000 +10 000)g =0 

and 



2>=-(3 000gf)(2.00) 


ANS. FIG. P12.47 


- (10 000g)(6.00) +F ex (l.00) =0 


These equations combine to give the magnitudes of the components: 
F Ax =F B x = 6.47xl0 5 N 
F Ay =1.27 xlO 5 N 


The forces are: 

f A =(-6.47x 10 5 i +1.27x 10 5 j) N 

and 

F e =6.47xl0 5 iN 


(a) Choosing torques about the hip joint, = 0 
gives 


- (200 N)L =0 
From which, T =1 2.71 kN I. 


)(-] 

, j 

\ 3 J 

350 N 


ANS. FIG. P12.48 
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(b) Let R x = compression force along spine, and from X F x =0: 

R x =T =7cos 12.0° = | 2.65 kN | 

(c) 


(d) 


P12.49 From ANS. FIG. P12.49, the angle T makes 1 
the rod is 0 = 60.0°+ 20.0° = 80.0° and 
perpendicular component of T is T sin 80.0°. 

Summing torques around the base of the rod, 
applying Newton's second law in the horizc 
and vertical directions, we have 

X T =0: - (4.00 m)(10 000 N) cos 60 c 

+7(4.00 m) sin 80.0° 
Solving the above equation for T gives 

T= (10 000 N) cos (60.0°) 

sin(80.0 ) 1 - 

In the horizontal direction, 

X F x =0: F h -7 cos(20.0°) =0 

so F h =T cos(20.0°) =4.77 kN 

From X^y =0: F v +T sin (20.0°) -10 000 N =0, 
we find 

F v =(10 000N)-T sin(20.0°) = |8.26kN| 


(a) 

(b) 

(c) 



You should lift "with your knees" rather than "with your back." 
In this situation, with a load weighing only 200 N, you can 
make the compressional force in your spine about ten times 
smaller by bending your knees and lifting with your back as 
straight as possible. 

In this situation, you can make the compressional force in your 
spine about ten times smaller by bending your knees and lifting 
with your back as straight as possible 
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P12.50 The cabinet has height l =1.00 m, width 1/1/ = 0.600 m, and weight 

M g = 400 N. The force F = 300 N is applied by the worker in the first 
case at height h l = 0.100 m and in the second at height h 2 = 0.650 m. 

Consider the magnitudes of the torques about the lower right front 
edge of the cabinet from the weight M g and from the applied force F 
for the two values of h. 


The torque from the weight is the same in each case: 


Cases 1 and 2 


,=Mgf- 

=(400 N)(0.300 m) =120 N ■ m 


The torque from force F is different in each 
case: 

Case 1 

z F =[F cos 37.0° )l\ 

=(300 Ncos37.0°)(0.100 m) 
z F =24.0 N-m 


Case 2 

z F =[F cos 37.0° )l\ 

=(300 Ncos37.0°)(0.650 m) 
z F =156 N ■ m 


w = 60 cm 


B = 100 cm 

‘ACs 

Cabinets 

/^37.0° 

f 



h 


7 

I 

400 N 

"t 

? 

-Jix 

1 

400 N 

3 

♦ 60 cm* 


n37° 
F cos 


37° 


137° 


ANS. FIG. P12.50 


We see in Case 1 that the counterclockwise torque from the weight is 
greater than the clockwise torque from the applied force. If the cabinet 
is to slide without acceleration, the net torque must be zero; this is 
possible because the normal force from the floor can provide 
additional clockwise torque. We see in Case 2, however, that the 
counterclockwise torque from the weight is smaller than the clockwise 
torque from the applied force, but no other force is available to provide 
addition counterclockwise torque, so the net torque cannot be zero. 


The situation is impossible because the new technique would tip the 
cabinet over. 
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P12.51 


(a) 


We use YjF x = X T =0 and 
choose the axis at the point of contact 
with the floor to simplify the torque 
analysis. Since the rope is described as 
very rough, we will assume that it will 
never slip on the end of the beam. First, 
let us determine what friction force at 
the floor is necessary to put the system 
in equilibrium; then we can check 
whether that friction force can be 
obtained. 

XF x = 0: T-f= 0 
£F y =0: n-Mg-mg=0 



=0: M g(cos 0)L +mg(c os 6)^--T( sin d)L =0 


Solving the torque equation, we find T =^M +— m J g cot 0. 


Then the horizontal-force equation implies by substitution that 
this same expression is equal to f. In order for the beam not to 
slip, we need f < p/i. Substituting for n and f from the above 
equations, we obtain the requirement 



The factor in brackets is always < 1, so if p > cot 6 then M can be 
increased without limit. In this case, there is no maximum mass! 
Otherwise, if fi s < cot 6, the equality will apply on the verge of 
slipping, and solving for M yields 


m 

2 jU s sin0 - cos0l 

2 

cos# - jU s sin 6 \ 


(b) At the floor, we see that the normal force is in the y direction and 
the friction force is in the -X direction. The reaction force 
exerted by the floor then has magnitude 

R =Jn 2 +(p s nf = \g(M +m)^/l+^| 


(c) At point P, the force of the beam on the rope is in magnitude 
F =VT 2 +(M g) 2 =| gp 2 +p 2 (M +m) 2 \ 
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P12.52 


P12.53 


First, we resolve all forces into 
components parallel to and perpendicular 
to the tibia, as shown. Note that 6 =40.0° 
and 

\N y =(30.0 N)sin40.0° =19.3 N 
F y =(l2.5 N)sin40.0° =8.03 N 

and 


T y =T sin 25.0° 

Using = 0 for an axis perpendicular to 
the page and through the upper end of the 
tibia gives 



ANS. FIG. P12.52 


(Tsin25.0°)|-(19.3 N)^-(8.03 N)c/=0 


or T= |209N| 

(a) From the symmetry of the 
situation, we may conclude that 
the magnitude of the upward force 
on each hand is half the weight of 
the athlete: F h = 750 N/2 = 375 N. 

Considering the shoulder joint as 
the pivot, the second condition of 
equilibrium gives 

Xt =0 => F h (70.0cm) 

- (F m sin45°)(4.00 cm) =0 

or f _ (375 N)(70.0 cm) _^ 28 ~j 
(4.00 cm)sin45° 

(b) The moment arm of the force is no longer 70.0 cm from the 
shoulder joint but only 49.5 cm: 

=0 => F h [70.0 cm)sin45°-(F m sin45°)(4.00 cm) =0 
(375N)(70.0c m ) =p ^ 
m (4.00 cm) “ 


Shoulder 

joint 


ANS. FIG. P12.53 




therefore reducing F m to 6.56 kN. 
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P12.54 


P12.55 


(a) The height of pin B is 

(lO.O m)sin30.0° =5.00 m 
The length of bar BC is then 



ANS. FIG. P12.54(a) 


sin 45.0' 

Consider the entire truss: 

£F y =n A -l 000 N +n c =0 
=-(l 000 N) 10.0 cos 30.0° 

+n c [l0.0 cos 30.0° +7.07 cos 45.0°] =0 


Which gives | n c =634 N . 


Then, | n A =1000 N-n c =366 N | 

(b) Joint A : X F y =0: -C AB sin 30.0° +366 N =0 


so C AB = | 732 N | 
1 ^= 0 : 

-C AB cos 30.0° +T ac 


T ac =(732 N)cos30.0° =1 634 N I 



Joint B: 

X F x =0: (732 N)cos30.0°-C bc cos45.0° =0 

(732N)cos 30.0° 4ww1 


C AB - 732 N 

ANS. FIG. P12.54(b) 


Considering the torques about the point at the bottom of the bracket 
yields: 

l/l/(o.0500 m)- F hor (0.0600 m) =0 so F hor =0.8331/1/ 


(a) With 1/1/ = 80.0 N, F hor =0.833(80 n) =[66.7 n| . 

(b) Differentiate with respect to time: dF h0I /dt =0.833 dW/dt. 

Given that dW /dt = 0.150 N/s: 

The force exerted by the screw is increasing at the rate cF hor / dt = 
0.833(0.150 N/s) =0.125 N/s. 
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P12.56 Refer to the solution to P12.57 for a 
general discussion of the solution. 

From the geometry of the ladder, 
observe that 

cos# =— —> 6 =75.5° 

4 

In the following, we use the variables 
m = 70.0 kg, length 
AC =BC =£ =4.00 m, and d = 3.00 m. 

Consider the net torque about point A (on the bottom left side of the 
ladder) from external forces on the whole ladder. The torques about A 
come from the weight of the painter and the normal force n B . 

£ 

=-mgd cos 75.5° +n B - =0 

-> n B =^mgd cos 75.5° =^mgd^^j -> n B =-^j- 

Consider the net torque about point B (on the bottom right side of the 
ladder) from external forces on the whole ladder. The torques about B 
come from the weight of the painter and the normal force n A . 



ANS. FIG. P12.56 


5>e = ~ n A j +mg^-d cos 75.5°j =0 
^ n, | =mg- d cos 75.5°j 

n A = | mg (|“ a,COs75 - 5 °) =m9 ( 1 “^) 


Consider the torque from external forces about point C at the top of the 
right half of the ladder: 

2> c =-T | sin 75.5° +n s | =0 

T _ n 1 _mgd 1 

^ _ne 2 sin 75.5° “ 2 1 2 sin 75.5° 

—>T = mgd 

4£ sin 75.5° 


Note that the tension T on the right half of the ladder must pull to the 
left, otherwise it could not contribute a clockwise torque about C to 
balance the counterclockwise torque from n B . 
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P12.57 


Now we find the components of the reaction force that the left half of 
the ladder exerts on the right half . Consider the forces acting on the 
right half of the ladder: 

X F x =R X - T =0 —> R x =T, to the right 


YjF y =R y +n B =0 -» Ry =-n B -> R y =n B , downward 
Collecting our results, we find 

mgd _(70.0 kg)(9.80 m/s 2 )(3.00 m) 


(a) T-- 


'U sin 75.5° 4(4.00 m)sin 75.5° 


| T =133 N | 


(b) n A =mg | 1- — 


n, =(70.0 kg)(9.80 m /s-)[l- 2 (3 '°° n :! (l/4> l^ 


and 


_mgd _(70.0kg)(9.80 m/s 2 )(3.00m) 


8 21 2(4.00 m) L—s— I 

(c) The force exerted by the left half of the ladder on the right half is 
to the right and downward: 

R x =T —> I R x =133 N, to the right I 


and R v =-n b —> R v =-257 N -> \ R v =257 N, downward 


From the geometry of Figure P12.56 and ANS. FIG. P12.56, we observe 
that 


0 f/4 1 

cos 6 =- ! — =— 
i 4 


and 


) =Vl-cos 2 0 = A /l — f— 1 =Jl~— =.1^- 
V UJ V 16 V16 


Vl5 


(a) Below in part (b) we show that normal force n B =mgd/2L We use 
this result here to find the tension T in the horizontal bar. 
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Consider the torque about point C at the top of the right half of 
the ladder: 


£ £ 

= -T 2 sin 0 +n B ^ = 0 


-n f 

2 _mgdf l 

l \ 2 _ mgd 

mgd 

■ n B 1 

4j £ sin 8 

\)l sin8 ~ 4i sin# ' 

“44VI5/4) 


mgd 

lVl5 

Note that the tension T on the right half of the ladder must pull to 
the left, otherwise it could not contribute a clockwise torque 
about C to balance the counterclockwise torque from n B . 

(b) We now proceed to find the normal forces n A and n B . 

First, consider the net torque from all forces acting on the ladder 
about point 8 at the bottom right side of the whole ladder. Note 
that tension T on the left half of the ladder and tension T on the 
right half of the ladder have opposite torques because they have 
the same moment arms about point B, so their torques cancel 
(they are forces internal to the system, so they cannot contribute 
to net torque). In like manner, torques from R x and R y on both 
halves of the ladder cancel in pairs (again, they are internal 
forces). The only contributing torques come from the weight of 
the painter and the normal force n A (these are forces external to 


the ladder). 

=~ n A 

i +mg i 

£ 


n A 2 =m 9\ 

[ 2 - 4 J 

i 

(2£-d\ 

n A - =mg\ 

{ 4 J 


( 2 t-d\ 

n A =-mg \ 

{ 4 J 


mg[2£-d) 

2 £ 


Now, consider the net torque from all forces acting on the ladder 
about point A on the bottom left side of the whole ladder. 
Similarly to the case of the torques about point 8, the only 
contributing torques about A come from the weight of the painter 
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P12.58 


P12.59 


and the normal force n B (again, these are external forces). 

£ 

X r A =~mgd cos 6 +n B - =0 


2 2 
>n e =-mgdcosO =-mgd | 


f riu 

_mgd 

UJ 

B 21 


(c) Now we find the components of the reaction force that the left 
half of the ladder exerts on the right half. Consider the forces 
acting on the right half of the ladder: 

£F X =R X -T =0—> R x =T 


_mgd 

"Vff' 


£F y =R V +n B =0 ^R y =-n B =-^ 

^ y y B y B 2£ 


r _ mgd c [ ownwarc [ 

y 2 £ 


(a) P-4^-(,OO kg ) (l0 °-r> m ^ ^ 


(b) stress =— = 


A (0.010 m )(o.ioo m) 


| 4.50 x 10 6 N/m 2 


(c) | Yes. | This is more than sufficient to break the board. 

(a) Take both balls together. Their weight is 2 mg = 3.33 N and their 
CG is at their contact point. 

£F X =0:+P 3 -P 1 =0—>P 3 =P\ 

£F y =0: +P 2 - 2 mg =0 P 2 =2 mg = | 3.33 N | 

For torque about the contact point (CP) between the balls: 

YjT cp =0: P^R cos45.0°)-P 2 (R cos 45.0° )+P 3 (P cos45.0°) 
-mg(R cos45.0°) +mg(R cos45.0°) =0 
^P 1 -P 2 +P 3 =0^P 1 +P 3 =P 2 

Substituting P 3 = P v we find 
2Pj =P 2 =2 mg P 3 =mg 
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Therefore, 

P x =P 3 = | 1.67 N | 



(b) Take the upper ball. The lines of action of its weight, of P 1 , and of 
the normal force n exerted by the lower ball all go through its 
center, so for rotational equilibrium there can be no frictional 
force. 


J J F X = 0: ncos45.0°-P 1 =0 


. 1.67 N 
cos 45.0° 


=| 2.36 N | 


XP y =0: nsin45.0° -1.67 N =0 gives the same result. 



ANS. FIG. P12.59(b) 

P12.60 We will let F represent some stretching force and use algebra to 

combine the Hooke's-law account of the stretching with the Young's- 
modulus account. Then integration will reveal the work done as the 
wire extends. 


(a) 


According to Hooke's law. 
Young's modulus is defined as 


| F | =kAL 
Y _ F/A 
A L/L 
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By substitution. 



(b) The spring exerts force -kx. The outside agent stretching it exerts 
force +kx. We can determine the work done by integrating the 
force kx over the distance we stretch the wire. 


w =-j;+ dx=-jj-kx)dx =^.t x A= pr( HL 


Therefore, 


1 / 1 /= 


\yMal) 2 /l 


P12.61 Let 6 represent the angle of the wire with 
the vertical. The radius of the circle of 
motion is r =Lsin0, where L = 0.850 m. 

For the mass: 

v , r l / 2 2 

y F r =ma r =m — =mrco 2 
r 

T sin# =m[L sin#]< 2 ) 2 

Further, — =Y — or T =AY ■ — 

A L L 

Thus, A Y ■ (a L/L) =mi(o 2 , giving 



ANS. FIG. P12.61 


/AY (AL/L) _ 1^(3.90x10^ m) 2 (7.00x 10 10 N/m 2 )(l.00xl0“ 3 ) 
V mL ]j (l.20 kg)(0.850 m) 


P12.62 


or co = | 5.73 rad/s 


(a), (b) Use the first diagram and sum the torques about the lower 
front corner of the cabinet. 

Xr =0 =>-F(l.OO m) +(400 N)(0.300 m) =0 


yielding F 
1F X = 


_(400N)(0.300 m) 

1.00 m 

; 0 => - f +120 N =0, 


=| 120 N | 
or f =120 N 
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(c) 


Y,F y =0 => -400 N +n =0 


so n =400 N 
Thus, 


f 



120 N 
400 N 


0.300 | 


Apply F' at the upper rear comer and directed so 
6 +0 =90.0° to obtain the largest possible lever 
arm. 


0 =tan 1 


1.00 m ^ 

0.600 mj 


=59.0° 


Thus, 0 =90.0°-59.0° =31.0° 


0.300 m 


400 NT 



0 . 600 m I" 


Sum the torques about the lower front comer ANS. FIG. P12.62 
of the cabinet: 


-F'y]( 1.00 m) 2 +(0.600 m) 2 +(400 N)(0.300 m) =0 


1.17 m 

Therefore, the minimum force required to tip the cabinet is 


103 N applied at 31.0° above the horizontal at the upper 
left comer 


*P12.63 (a) Consider the torques about an axis perpendicular to the page 

through the left end of the rod, as shown in ANS. FIG. P12.63. 

Ir=0: 

7(6.00 m)cos30.0°-(l00 N)(3.00 m)-(500 N)(4.00 m) =0 


then, 

7 _ _ (100 N)(3.00 m) +(500 N)(4.00 m) 

(6.00 m)cos30.0° 

= | 443 N 

(b) From the first condition for equilibrium, 
1F X = 0: 

R x =T sin30.0° =(443 N)sin30.0° 
= | 221 N toward the right | 
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Similarly, 

lF y = 0 : 

R y +T cos 30.0°-100 N - 500 N =0 
which gives 

R y =600 N-7"cos30.0° =600 N-(443 N)cos30.0° 
= |217 N upward) 

T y = 7cos30.0° 



R x 


ANS. FIG. P12.63 


P12.64 


Let the original length (when the cable is laid 
horizontally on a frictionless surface) of an 
infinitesimal piece of the cable be dy. Let the 
extension of this piece be dL when the cable is 
hung vertically. Then, for the entire cable, 

AL =!<*■ 


where F is the weight of the cable below a point 
at position y. Evaluating F, with p as the mass 
per unit length. 


pgfL 2 ) l fpgL 2 ] 
/\V\ 2 ) AY ) 


y 


- 1 --y = 0 

ANS. FIG. P12.64 


A L=- 
2 


(2.40 kg/m)(9.80 m/s 2 )(500 m) 2 
(2.00x10" N/m 2 )(3.00xl0" 4 m 2 

: 0.049 0 m = | 4.90 cm~| 
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Challenge Problems 

P12.65 With i as large as possible, n, and n 2 will both be large. The equality 
sign in f 2 < qn 2 will be true, but the less-than sign will apply in 
fj Take torques about the lower end of the pole. 


n 2 tcosG +F g 


I cos 0 - f 2 t sin 0 =0 


Setting f 2 =0.576n 2 , the torque equation becomes 


P12.66 


n 2 (l- 0.576tan d)+^F g =0 


Since n 2 >0, it is necessary that 

1- 0.576 tan 6 < 0 

.-. tan 6 > —= 1.736 
0.576 

/. 6 > 60.1° 



ANS. FIG. P12.65 


Consider forces and torques on the beam. 

X F x =0: R cos 6-T cos 53° =0 

£F y =0: Rsmd +Tsin53°-800 N =0 
=0: (Tsin53°)(8.00 m)-(600 N )d 

-(200N)(4.00 m) =0 


(a) Suppressing units, we find 


600C/+800 
8 sin 53° 


=| 93.9c/+125, in N | 
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(b) From substituting back, 

RcosO =[93.9d +125 ]cos 53.0° 

Rsin# =800 N-[93.9c/+125]sin53.0° 


Dividing, 


Re os 6 


800 N 

(93.9c/+125)cos53.0° 


tan# ={ —^- 1) tan 53.0° 

y3c/+4 ) _ 

(c) To find R we can work out R 2 cos 2 # +R 2 sin 2 # =R 2 . From the 
expressions above for RcosG and R sin#, 

R 2 =T 2 cos 2 53° +T 2 sin 2 53°-16007sin53° +(800 N) 2 
R 2 =T 2 - 1600Tsin 53° +640 000 
R 2 =(93.9d+125) 2 -1278(93.9d+125) +640 000 
R =(8.82 x 10 3 <f - 9.65 x 10 4 d+4.96 x 10 5 f 2 


(d) 


As d increases, 7 grows larger, # decreases, and R decreases 
until about d =5.4 m, then it increases. Notes as d increases, 
the d 2 term predominates. 


P12.67 Imagine gradually increasing the force P. This 

will make the force of static friction at the bottom 
increase, so that the normal force at the wall 
increases and the friction force at the wall can 
increase. As P reaches its maximum value, the 
cylinder will turn clockwise microscopically to 
stress the welds at both contact points and make 
both forces of friction increase to their maximum 
values. 

When it is on the verge of slipping, the cylinder ANS. FIG. P12.67 
is in equilibrium. 

£F X =0: -» fi =n 2 =p s n 1 and f 2 =pn 2 

IF y = 0: -> P +/T, + f 2 =F g 

£t=0: —> -PR + fjR + f 2 R =0 — > P = /i + f 2 
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So P+-/1 
4 1 


=F g becomes P 


4 



= F »” l P=F r 


3 

Therefore, P = —F n 
8 9 


P12.68 (a) Just three forces act on the rod: forces perpendicular to the sides 


of the trough at A and B, and its weight. The lines of action of the 
normal forces at A and B will intersect at a point above the rod so 
that those forces will have no torque about this point. The rod's 
weight will cause a torque about the point of intersection as in 
ANS. FIG. P12.68(a), and the rod will not be in equilibrium unless 
the center of the rod lies vertically below the intersection point, as 
in ANS. FIG. P12.68(b). All three forces must be concurrent. Then 
the line of action of the weight is a diagonal of the rectangle 
formed by the two normal forces, and the rod's center of gravity 
is vertically above the bottom of the trough. 



o 


ANS. FIG. P12.68(a) 


(b) In ANS. FIG. P12.68(b), AO cos 30.0° =BO cos 60.0° and 



AO =- 


L 


L 



2 
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So 


AO 

L 


1 

2 


and 0 = | 60.0° | 



ANS. FIG. P12.68(b) 

(c) | Unstable^ If the rod is displaced slightly, it will slip until it lies 

along the left edge of the trough where its center of gravity will 
be lower. 
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lNSWERS to even-numbered problems 


P12.2 

P12.4 

P12.6 

P12.10 

P12.8 

P12.12 

P12.14 

P12.16 

P12.18 

P12.20 


P12.22 


P12.24 

P12.26 

P12.28 

P12.30 

P12.32 

P12.34 


The situation is impossible because X is larger than the remaining 
portion of the beam, which is 0.200 m long. 

x = -1.50 m; y = -1.50 m 


R 

6 

2.94 kN; 4.41 kN 

(a) m 1 = 9.00 g; (b) m 2 = 52.5 g; (c) m 3 = 49.0 g 
(a) U = 88.2 N; (b) D = 58.8 N 


(a) 



cot0, (m 1 + m 2 )g; (b) 


(m r /2+m 2 d/L)cot0 

m 1 +m 2 


(a) See ANS. FIG. P12.16; (b) ^cot0; (c) T = g/ng; (d) jU s =^-cot0; 

(e) The ladder slips 

(a) See ANS. FIG. P12.18; (b) 392 N; (c) 339 N to the right; (d) 0; 

(e) V = 0; (f) 392 N; (g) 339 N to the right; (h) The two solutions agree 
precisely. They are equally accurate. 

(a) No time interval. The horse's feet lose contact with the drawbridge 
as soon as it begins to move; (b) 1.73 rad/s; (c) 2.22 rad/s; (d) 6.62 kN. 
The force at the hinge is (4.72i +6.62j)kN; (e) 59.1 kj 


(a) 


mgjlRh-h 2 

(r - h)cosd-^2Rh- h 2 sin0 


... mgyjlRh-ti 2 cos0 , |\ , yJlRh-h 2 cos 0 

(b) -- - f Ad mg 1 +- . - 

(R-/l)cos0-V2R/7-/7 sin0 [ (R-/7)cos0-V2R/7-/7 sin0 

(a) See ANS. FIG. P12.24; (b) 218 N; (c) 72.4 N; (d) 2.41 m; (e) See 
P12.24(e) for full explanation. 

~ 1 cm 

(a) 73.6 kN; (b) 2.50 mm 
1.0 x 10 11 N/m 2 
1.65 x 10 8 N/m 2 
8.60 x 10" 4 m 
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P12.36 9.85 x 1CT 5 

P12.38 (a) Rigid object in static equilibrium; (b) See ANS. FIG. P12.38; (c) The 

woman is at X = 0 when D 1 is greatest; (d) n , = 0; (e) 1.42 x 10 3 N; 

(f) 5.64 m; (g) same as answer (f) 

P12.40 (a) 0.400 mm; (b) 40.0 kN; (c) 2.00 mm; (d) 2.40 mm; (e) 48.0 kN 

P12.42 6 = 21.2°; T = 1.68 kN; R = 2.34 kN 

P12.44 (a) See ANS. FIG. P12.44 for the force diagram and see P12.44(a) for a 

sample problem statement, (b) The upper hinge exerts 410 N to the left 
and 442 N up. The lower hinge exerts 410 N to the right. 

P12.46 T = 1.46 kN; H = 1.33 kN; V = 2.58 kN 

P12.48 (a) 2.71 kN; (b) 2.65 kN; (c) You should lift "with your knees" rather 

than "with your back"; (d) In this situation, you can make the 
compressional force in your spine about ten times smaller by bending 
your knees and lifting with your back as straight as possible. 

P12.50 The situation is impossible because the new technique would tip the 
cabinet over. 

P12.52 209 N 

P12.54 (a) n c = 634 N, n A = 1 000 N - n c = 366 N; (b) C AB = 732 N, T AC = 634 N, 

and C ec = 897 N 

P12.56 (a) T = 133 N; (b) n A = 429 N, n B = 257 N; (c) R x = 133 N, to the right, 

R y = 257 N, downward 

P12.58 (a) 4 500 N; (b) 4.50 x 10 6 N/m 2 ; (c) yes 

P12.60 (a) ^; (b) YA 

P12.62 (a and b) 120 N, 0.300; (c) 103 N applied at 31.0° above the horizontal at 
the upper left corner. 

P12.64 4.90 cm 

P12.66 (a) 93.9 d + 125, in N; (b) See P12.66(b) for full derivation; (c) See 

P12.66(c) for full derivation; (d) As d increases, T grows larger, 6 
decreases, and R decreases until about d = 5.4 m, then it increases. Note 
as d increases, the d 2 term predominates. 

P12.68 (a) See P12.68(a) for the full explanation; (b) 60.0°; (c) unstable 
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becomes (2 m/s 2 )(2)/4 = 1 m/s 2 . 

OQ13.5 Answer (b). Switching off gravity would let the atmosphere 

evaporate away, but switching off the atmosphere has no effect on 
the planet's gravitational field. 

OQ13.6 Answer (b). The mass of a spherical body of radius R and 
density p is M = pV = p(4/rf? 3 /3). The escape velocity from the 
surface of this body may then be written in either of the following 
equivalent forms: 


(2GM , 12 

. - and v = - 

G( AjzpR 3 

_ 8npGR 2 

V R \ / 


) i 3 


We see that the escape velocity depends on the three properties 
(mass, density, and radius) of the planet. Also, the weight of an 
object on the surface of the planet is F g = mg = GM m/R 2 , giving 

g =GM,R>=§ [pp£)]-f*» 

The free-fall acceleration at the planet's surface then depends on the 
same properties as does the escape velocity. Changing the value of g 
would necessarily change the escape velocity. Of the listed 
quantities, the only one that does not affect the escape velocity is the 
mass of the object. 

OQ13.7 (i) Answer (e). According to the inverse square law, 1/4 2 = 16 times 

smaller. 

(ii) Answer (c). mv 2 /r = G M m/r 2 predicts that v is proportional to 
(l/r) 1/2 , so it becomes (1/4) 1/2 = 1/2 as large. 

(iii) Answer (a). According to Kepler's third law, (4 3 ) 1/2 = 8 times 
larger; also, the circumference is 4 times larger and the speed 
1/2 as large: 4/(1/2) = 8. 

OQ13.8 Answer (b). The Earth is farthest from the sun around July 4 every 
year, when it is summer in the northern hemisphere and winter in 
the southern hemisphere. As described by Kepler's second law, this 
is when the planet is moving slowest in its orbit. Thus it takes more 
time for the planet to plod around the 180° span containing the 
minimum-speed point. 

OQ13.9 The ranking isb>a>c = d>e. The force is proportional to the 

product of the masses and inversely proportional to the square of the 
separation distance, so we compute m x m 2 /r 2 for each case: (a) 2-3/1 2 = 
6 (b) 18 (c) 18/4 = 4.5 (d) 4.5 (e) 16/4 = 4. 
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OQ13.10 Answer (c). The International Space Station orbits just above the 

atmosphere, only a few hundred kilometers above the ground. This 
distance is small compared to the radius of the Earth, so the 
gravitational force on the astronaut is only slightly less than on the 
ground. We might think the gravitational force is zero or nearly zero, 
because the orbiting astronauts appear to be weightless. They and the 
space station are in free fall, so the normal force of the space station's 
wall/floor /ceiling on the astronauts is zero; they float freely around 
the cabin. 

OQ13.11 Answer (e). We assume that the elliptical orbit is so elongated that 
the Sun, at one focus, is almost at one end of the major axis. If the 
period, T , is expressed in years and the semimajor axis, a, in 
astronomical units (AU), Kepler's third law states that T 2 = a 3 . 

Thus, for Halley's comet, with a period of T = 76 y, the semimajor 
axis of its orbit is 

a=$76) 2 =18 AU 

The length of the major axis, and the approximate maximum distance 
from the Sun, is 2 a = 36 AU. 


lNSWERS to conceptual questions 


CQ13.1 


CQ13.2 


CQ13.3 


(a) The gravitational force is conservative, (b) Yes. An encounter with 
a stationary mass cannot permanently speed up a spacecraft. But 
Jupiter is moving. A spacecraft flying across its orbit just behind the 
planet will gain kinetic energy because of the change in potential 
energy of the spacecraft-planet system. This is a collision because the 
spacecraft and planet exert forces on each other while they are 
isolated from outside forces. It is an elastic collision because only 
conservative forces are involved, (c) The planet loses kinetic energy 
as the spacecraft gains it. 


GM 

Cavendish determined G. Then from g = ~j^r > one ma y determine 


the mass of the Earth. The term "weighed" is better expressed as 
"massed." 


For a satellite in orbit, one focus of an elliptical orbit, or the center of 
a circular orbit, must be located at the center of the Earth. If the 
satellite is over the northern hemisphere for half of its orbit, it must 
be over the southern hemisphere for the other half. We could share 
with Easter Island a satellite that would look straight down on 
Arizona each morning and vertically down on Easter Island each 
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CQ13.4 


CQ13.5 


CQ13.6 


CQ13.7 


evening. 

(a) Every point q on the sphere that does not lie along the axis 
connecting the center of the sphere and the particle will have 
companion point q‘ for which the components of the 
gravitational force perpendicular to the axis will cancel. Point q 1 
can be found by rotating the sphere through 180° about the axis. 

(b) The forces will not necessarily cancel if the mass is not 
uniformly distributed, unless the center of mass of the 
nonuniform sphere still lies along the axis. 



ANS. FIG. CQ13.4 


The angular momentum of a planet going around a sun is 
conserved, (a) The speed of the planet is maximum at closest 
approach, (b) The speed is a minimum at farthest distance. These two 
points, perihelion and aphelion respectively, are 180° apart, at 
opposite ends of the major axis of the orbit. 

Set the universal description of the gravitational force, F g x m , 

equal to the local description, F g = nia gravitational , where M x and R x are 
the mass and radius of planet X , respectively, and m is the mass of a 
"test particle." Divide both sides by m. 

(a) In one sense, 'no'. If the object is at the very center of the Earth 
there is no other mass located there for comparison and the 
formula does not apply in the same way it was being applied 
while the object was some distance from the center. In another 
sense, 'yes'. One would have to compare, though, the distance 
between the object with mass m to the other individual masses 
that make up the Earth. 

(b) The gravitational force of the Earth on an object at its center 
must be zero, not infinite as one interpretation of Equation 11.1 
would suggest. All the bits of matter that make up the Earth 
pull in different outward directions on the object, causing the 
net force on it to be zero. 

The escape speed from the Earth is 11.2 km/s and that from the 


CQ13.8 
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Moon is 2.3 km/s, smaller by a factor of 5. The energy required—and 
fuel—would be proportional to V 2 , or 25 times more fuel is required 
to leave the Earth versus leaving the Moon. 

CQ13.9 Air resistance causes a decrease in the energy of the satellite-Earth 
system. This reduces the radius of the orbit, bringing the satellite 
closer to the surface of the Earth. A satellite in a smaller orbit, 
however, must travel faster. Thus, the effect of air resistance is to 
speed up the satellite! 


SOLUTIONS TO END-OF-CHAPTER PROBLEMS 


Section 13.1 Newton's Law of Universal Gravitation 

P13.1 This is a direct application of the equation expressing Newton's law of 
gravitation: 


F -™J” = ( 6 .67xl0-“ N . mVkg2) (i^H^^ 


= 7.41 x 1CT 10 N 


P13.2 


P13.3 


For two 70-kg persons, modeled as spheres, 

c _(6.67xl0- n N-m 2 /kg 2 )(70 kg)(70 kg) 

s (2 m ) 2 

I ~ io~ 7 n| 

(a) At the midpoint between the two objects, the forces exerted by the 
200-kg and 500-kg objects are oppositely directed, 

and from F g 

G(50.0 kg)(500 kg - 200 kg) 1 -- —1 

we have X F =— - 8 / V -£- 6/ =|2.50x 10 n| 

(2.00 m) 

toward the 500-kg object. 

(b) At a point between the two objects at a distance d from the 
500-kg object, the net force on the 50.0-kg object will be zero 
when 

G(50.0 kg)(200 kg) _G(50.0 kg)(500 kg) 

(4.00 m-d) 2 ~~ cF 
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To solve, cross-multiply to clear of fractions and take the square 
root of both sides. The result is 

d = | 2.45 m from the 500-kg object toward the smaller object | . 

P13.4 (a) The Sun-Earth distance is 1.496 x 10 11 m and the Earth-Moon 

distance is 3.84 x 10 8 m, so the distance from the Sun to the Moon 
during a solar eclipse is 

1.496 x 10 11 m - 3.84 x 10 8 m = 1.492 x 10 11 m 
The mass of the Sun, Earth, and Moon are 
M s =1.99 xlO 30 kg 
M e =5.98xlO 24 kg 
and M m =7.36xlO 22 kg 
We have 

c _Gm 1 m 2 

'"sm 

_(6.67xl0“ n N-m 2 /kg 2 )( 1.99xlO 30 kg)(7.36x 10 22 kg) 
(l.492xlO u m) 2 

= | 4.39 x IQ 20 N~| 

_(6.67xlO’ 11 N m 2 /kg 2 )(5.98xl0 24 kg)(7.36x 10 22 kg) 

FeM (3.84xlO 8 m) 2 

= |~L99 x IQ 20 N | 

f _(6.67xlO" 11 N m 2 /kg 2 )( 1.99xlO 30 kg)(5.98x 10 24 kg) 

* (l.496xlO u m) 2 

= [~355x 10 22 N | 

The force exerted by the Sun on the Moon is much stronger than 
the force of the Earth on the Moon. In a sense, the Moon orbits the 
Sun more than it orbits the Earth. The Moon's path is everywhere 
concave toward the Sun. Only by subtracting out the solar orbital 
motion of the Earth-Moon system do we see the Moon orbiting 
the center of mass of this system. 


(b) 

(c) 

(d) 
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P13.5 


P13.6 


With one metric ton = 1 000 kg. 


r Gm,m 2 

F =m 1 g =—H 


_Gm 2 _(6.67xl0- u N-m 2 /kg 2 )(4.00xl0 7 kg) 

~T 2 fioo^F 

= |2.67xl0~ 7 m/s 2 1 


The force exerted on the 4.00-kg mass by the 
2.00-kg mass is directed upward and given 
by 


=(6.67 xlO' 11 N-mVkg 2 ) 

(4.00 kg)(2.00 kg)- 
(3.00 m) 2 J 
=5.93xl0~ u j N 



The force exerted on the 4.00-kg mass by the 6.00-kg mass is directed to 
the left: 


F 32 =G»( 


^.67X10- 

' 61 (4.00 m) 2 


=-10.0xl0“ n i N 

Therefore, the resultant force on the 4.00-kg mass is 


F =F +F = 


(-10.0i +5.93j)x 10“" N 


!f 'P13.7 The magnitude of the gravitational force is given by 

_Gm 1 m 2 _(6.672xl0- n N • m 2 /kg 2 )(2.00 kg)(2.00 kg) 
r 2 (0.300 m) 2 

= [ 2.97 x 10~ 9 N~] 

P13.8 Assume the masses of the sphere are the same. Using F g , w 

would find that the mass of a sphere is 1.22 x 10 5 kg! If the spheres 
have at most a radius of 0.500 m, the density of spheres would be at 
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least 2.34 x 10 5 kg/m 3 , which is ten times the density of the most dense 
element, osmium. 

The situation is impossible because no known element could compose 
the spheres. 


We are given m 1 + m 2 = 5.00 kg, which means that m 2 = 5.00 kg - m v 
Newton's law of universal gravitation then becomes 


^l.OOxlO -8 N 


=(6.67xl0“ u N m 2 /kg : 
(5.00 kg )m 1 -m 2 1 


xm^S.OO kg-n 

' (0.200 m) 2 

1.00 xlO" 8 N) (0.040 0 m 2 i 


6.67 xlO" 11 N-m 2 /kg 2 


=6.00 kg 2 


Thus, m 2 - (5.00 kgjn^ +6.00 kg =0 
or (m 1 - 3.00 kg) (m x - 2.00 kg) =0 


giving |m 1 =3.00 kg, so m 2 =2.00 kg] . The answer m 1 = 2.00 kg and 
m 2 = 3.00 kg is physically equivalent. 


Let 6 represent the angle each cable makes with the 
vertical, L the cable length, x the distance each ball is 
displaced by the gravitational force, and d=lm the 
original distance between them. Then r = d - 2x is the 
separation of the balls. We have 



IF y = 0 : 
IF X = 0 : 


T cos 6 - mg =0 


ANS. FIG. P13.10 


Then 


tan 6 


Gmm 

: ?mg 


Gm 


x(d-2x) ! =^ 
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The factor- is numerically small. We expect that X is very small 

9 

compared to both L and d, so we can treat the term (d - 2x) as d, and 
(L 2 - x 2 ) as L 2 . We then have 


x(l r 


_(6.67xl0‘ 11 N-m 2 /kg 2 )(l00 kg) 
” (9.80 m/s 2 ) 


(45.00 r 


x =3.06 x 10 m 


Section 13.2 Free-Fall Acceleration and the Gravitational Force 

P13.ll The distance of the meteor from the center of Earth is R +3 R =4R. 
Calculate the acceleration of gravity at this distance. 

_GM _(6.67 x 10 -11 N • m 2 /kg 2 )(5.98 x 10 24 kg) 

9 ? [4(6.37 xlO 6 m)] 2 

= [~CT614 m/s 2 , toward Earth | 


P13.12 


The gravitational field at the surface of the Earth or Moon is given by 


9 = 


GM 
R 2 ‘ 


The expression for density is P = w" = ~r ^~— 


so 


and 


M =^PK 3 


G 


9 = 


-GnpR 


Noting that this equation applies to both the Moon and the Earth, and 
dividing the two equations. 


9m _ 3_ 
9e 


Gnp M R M 

Gnp E R E 


_ Pm^m 

Pe*e 
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Substituting for the fractions. 


1 

_ Pm 

(I) and 

Pm 

_iJ2 

6 

Pe 

\ 4 / 

Pe 

6 |3j 


P13.13 (a) For the gravitational force on an object in the neighborhood of 

Miranda, we have 

m „ ^ m obj m Miranda 

m obj9 =— 3- 

' Miranda 

g _<6.67xIQ -11 N mVkg ; )(6.68xlO” kg) 

^Miranda (242 xlO 3 m) 2 

= [0.0761 m/s 2 1 

(b) We ignore the difference (of about 4%) in g between the lip and 
the base of the cliff. For the vertical motion of the athlete, we have 


y f =y, +Vy, +\a y f 

-5 000 m =0 +0 +^-(-0.076 1 m/s 2 )f 


2(5 000 m)s 2 
0.076 1 m 


=| 363 s | 


(c) X f =X i +^.t+|a/ =0 +(8.50 m/s)(363 s) +0 = | 3.08xlO 3 rxt] 

We ignore the curvature of the surface (of about 0.7°) over the 
athlete's trajectory. 

(d) Vrf =v xj =8.50 m/s 

Vyf =v yi +a y t =0- (0.0761 m/s 2 )(363 s) =-27.6 m/s 

Thus v f =(8.50i-27.6j) m/s =V8.50 2 +27.6 2 m/s at 

_ 1 f27.6m/s > j __ .. 1 1 1 

tan - =72.9 below the x axis. 

8.50 m/s ) 

=28.9 m/s at 72.9° below the horizontal | 
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Section 13.3 Analysis Model: Particle in a Field (Gravitational) 
MG 


P13.14 (a) g 1 =g 2 


r 2 +a L 

fty ="fty 

9y =9ly +9ly =0 
9ix =9ix =g 2 cos0 


cos 6 


w 

g=2g 2 x(-i) 


#6 


_ 


ANS. FIG. P13.14 


or 


g = 


2MGr 

(r 2 +af 2 


toward the center of mass 


(b) 

(c) 

(d) 


(e) 


At r =0, the fields of the two objects are equal in magnitude and 
opposite in direction, to add to zero. 

| As r^O, 2MGr{r 2 +a 2 )~ 3/2 approaches 2MG(0)/a 3 =a] 

When r is much greater than a, the angles the field vectors make 
with the X axis become smaller. At very great distances, the field 
vectors are almost parallel to the axis; therefore, they begin to 
look like the field vector from a single object of mass 2 M. 

As r becomes much larger than a, the expression approaches 
2MGr(r 2 +0 2 ) 3/2 =2 MGr/r 3 =2 MG/r 2 as required. 


P13.15 The vector gravitational field at point 0 is given by 
_ Gm 2 Gm- Gmi 


g j +“ r V(cos45.Cri +sin45.0j) 





toward the opposite comer. 
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P13.16 


y 



(a) F 


ANS. FIG. P13.15 

GMm (6.67xl0- u Nm 2 /kg 2 )[l00(l.99xl0 3 ° kg)(l0 3 kg)] 


(b) A F 


A g 


= |l.31x 10 17 n] 

GMm GMm 


(1.00 x 10 m +50.0 m) 


AF GM (r 2 ck -r 2 ont ) 


ANS. FIG. P13.16 


A g =(6.67 x 10~ n N ■ m 2 /kg 2 ) 

[l00(l.99xlO 30 kg)][(l.01xl0 4 m) 2 -(l.OOx 10 4 m) 2 ] 
(l.OO xlO 4 m) 2 (l.Ol x 10 4 m) 2 
Ag= |2.62xl0 12 N/kg| 


Section 13.4 Kepler's Laws and the Motion of Planets 
P13.17 The gravitational force on mass located at distance r from the center of 
the Earth is F g =mg =GM E m/r 2 . Thus, the acceleration of gravity at 
this location is g =GM E /r 2 . If g = 9.00 m/s 2 at the location of the 
satellite, the radius of its orbit must be 

_ |GM7_ I(6.67xlO- 11 N m 2 /kg 2 )(5.98xlO 24 kg) 
r 9.00 m/s 2 

=6.66xlO 6 m 

From Kepler's third law for Earth satellites, T 2 =4n 2 r 3 GM E S, the 
period is found to be 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 















696 Universal Gravitation 


I r 3 I (6.66xlO 6 m) 3 

\GM e y [6.67x 10~ n N• m /kg )(5.98x 10 kg) 
=5.41 xlO 3 s 
or 

T =(5.41 x 10 3 s) 1 h =11.50 h =90.0 mini 
V '^3 600 s J 1 - 1 

P13.18 The gravitational force exerted by Jupiter on Io causes the centripetal 
acceleration of Io. A force diagram of the satellite would show one 
downward arrow. 

v F _ M , _M Io r2*r\ 2 _4* 2 rtW I „ 

SF "'° ~ M '° a — 7 T ItJ — t 2 

Thus the mass of Io divides out and we have Kepler's third law with 

m « M, 

_4ttV 3 _ 4^ 2 (4.22xl0 8 m) 3 f Id f 

y GT 2 (6.67xl0- n N-m 2 Ag 2 )(1.77d) 2 l86 400sJ 

and Mj =|l.90xl0 27 kg | (approximately 316 Earth masses) 

P13.19 (a) The desired path is an elliptical trajectory with the Sun at one of 

the foci, the departure planet at the perihelion, and the target 
planet at the aphelion. The perihelion distance r D is the radius of 
the departure planet's orbit, while the aphelion distance r T is the 
radius of the target planet's orbit. The semimajor axis of the 
desired trajectory is then a =(r D +r T )/2. 



If Earth is the departure planet, r D =1.496 x 10 11 m =1.00 AU 
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P13.20 


With Mars as the target planet, 
r T =2.28xl0 11 m| 


' 1AU "I 
v 1.496 xlO^m J ~~ 


1.52 AU 


Thus, the semimajor axis of the minimum energy trajectory is 
r n +r T 1.00 AU +1.52 AU „ A TT 


Kepler's third law, T 2 = a 3 , then gives the time for a full trip 
around this path as 


T =y[e? =yj[ 1.26 AU) 3 =1.41 yr 
so the time for a one-way trip from Earth to Mars is 


At=—T = 

2 


=| 0-71 yr | 


(b) 


(a) 

(b) 

(c) 


This trip cannot be taken at just any time. The departure must 
be timed so that the spacecraft arrives at the aphelion when the 
target planet is located there. 



The particle does possess angular momentum, because it is 
not headed straight for the origin. 




Its angular momentum is constant. There are no identified 
outside influences acting on the object. 



Since speed is constant, the distance traveled between t A and 
t B is equal to the distance traveled between t c and t D . The area 
of a triangle is equal to one-half its (base) width across one side 
times its (height) dimension perpendicular to that side. 

So — hv 0 (t s - t A ) =— fv 0 ( t D - t c ) 

states that the particle's radius vector sweeps out equal areas in 
equal times. 
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P13.21 Applying Newton's second law, £ F =m 3 yields 
F g =ma c for each star: 


GMM _ M\f 
(2 rf ~ r 



We can write r in terms of the period, T, by 
considering the time and distance of one complete 
cycle. The distance traveled in one orbit is the 
circumference of the stars' common orbit, so 
2 nr=vT. Therefore, 



ANS. FIG. P13.21 



4V 2 fvT 'j 


P13.22 


_2v i T _2(220xl0 3 m/s) 3 (14.4 d)(86 400 s/d) 
nG tt (6.67x10 N-m 2 /kg 2 ) 

= | 1.26 x 10 32 kg =63.3 solar masses | 


To find the angular displacement of planet Y, we 
apply Newton's second law: 

EF=ma: 


Then, using v=ro), 
r 

GM star =r 3 co 2 =r 3 co 2 x =r y co 2 y 

solving for the angular velocity of planet Y gives 


y \r y ) ^5.00yr J 5.00yr 



ANS. FIG. P13.22 


So, given that there are 360° in one revolution we 
convert 468° to find that planet Y has turned through 
11.30 revolutions | . 
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P13.23 By Kepler's third law, T 2 = ka 3 (a = semimajor 
axis). For any object orbiting the Sun, with T in 
years and a in AU, k = 1.00. Therefore, for 
Comet Halley, and suppressing units, 

(75.6)>=(1.00)(°^y 

The farthest distance the comet gets from the ANS. FIG. P13.23 
Sun is 

y =2(75.6) 2/3 - 0.570 = |35.2 AU| 

(out around the orbit of Pluto). 

*P13.24 By conservation of angular momentum for the satellite, r p V p =r a V gr or 

Vp _r a _ 2 289 km +6.37 x 10 3 km _ 8 659 km vr^~\ 
V a ~r p ~ 459 km +6.37 x 10 3 km “ 6 829 km ' 

We do not need to know the period. 

P13.25 For an object in orbit about Earth, Kepler's third law gives the relation 
between the orbital period T and the average radius of the orbit 
("semimajor axis") as 



We assume that the two given distances in the problem statements are 
the perigee and apogee, respectively. 

Thus, if the average radius is 

r. +r 6 670 km +385 000 km 
r 2 2 

=1.96 xlO 5 km =1.96 x 10 s m 

The period (time for a round trip from Earth to the Moon) would be 
T=2k 

I (l.96xl0 8 mf 

~~ ^(6.67xl0“ u N-m 2 /kg 2 )(5.98xl0 24 kg) 

=8.63xlO 5 s 
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The time for a one-way trip from Earth to the Moon is then 


f 8.63x10 5 s^| 

1 day ' 

"l 2 J 

v 8.64xl0 4 s y 


= 4.99 d 


At =—7 
2 

P13.26 The gravitational force on a small parcel of material at the star's 
equator supplies the necessary centripetal acceleration: 


R 2 


- =mR s co 2 


[GM~ 1(6.67 x 10“ n N ■ m 2 /kg 2 )f2(l.99 x 10 30 kg)] 

SO ® = I 5^=1-7-“ T5-- 

v R s ]j (lO.O x 10 3 m) 

0 ) = |l.63x 10 4 rad/s| 

P13.27 We find the satellite's altitude from 
CM, _ix 2 (Rj+d) 

where d is the altitude of the satellite above Jupiter's cloud tops. Then, 
GMjT 2 =4 7t 2 (Rj +df 

(6.67xlO" 11 N■ m 2 /kg 2 )(l.90x 10 27 kg)(9.84x3600) 2 

=4n 2 (6.99 x 10 7 +df 

which gives 

Cf^=[8.92xl0 7 xfij = | 89 200 km | above the planet 
P13.28 (a) In T 2 = 4 n 2 a 3 /GM central we take a = 3.84 x 10 8 m. 

M , =- 

central 

= _ 4^ 2 (3.84x 10 8 m) 3 _ 

(6.67 x 1CT 11 N ■ m 2 /kg 2 )(27.3 x 86 400 s) 2 

= | 6.02 xlO 24 kg | 

This is a little larger than 5.98 x 10 24 kg. 
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P13.29 


(b) 


The Earth wobbles a bit as the Moon orbits it, so both objects 
move nearly in circles about their center of mass, staying on 
opposite sides of it. The radius of the Moon's orbit is therefore 
a bit less than the Earth-Moon distance. 


The speed of a planet in a circular orbit is given by 


XF =ma: 


GM s m mv 2 


GM sl 


(a) For Mercury, the speed is 


v »=^ 


1(6.67 x 1CT 11 N ■ m 2 /kg 2 )(1.99 x 10 30 kg) 
579x10% 

=4.79 xlO 4 m/s 
and for Pluto, 




1(6.67 x 10“ u N • m 2 /kg 2 )(1.99 x 10 30 kg) 

5.91 xlO 12 m 

=4.74 x 10 3 m/s 

With greater speed, [Mercury w^^ventuall^j3f|oj/e farther ffom| 
• Bo# 

(b) With original distances r p and r M perpendicular to their lines of 
motion, they will be equally far from the Sun at time t, where 

r 2 - r 2 =(v^ - 


(5.91 x 10 12 m) 2 - (5.79 x 10 10 m) 2 
4.79 x 10 4 m/s) 2 - (4.74x 10 3 m/s) 2 


3.49 x 10 25 m 2 
2.27xlO 9 m 2 /s 2 


=1.24 x 10 s s = 3.93 yr 
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Section 13.5 Gravitational Potential Energy 

P13.30 (a) We compute the gravitational potential energy of the satellite- 

Earth system from 

U - GM t m 

r 

(6.67xlCT 11 N m 2 /kg 2 )(5.98xl0 24 kg)(l00 kg) 
(6.37+2.00 )xl0 6 m 

= [-4.77 x 10 9 j| 


P13.31 


(b), (c) The satellite and Earth exert forces of equal magnitude on each 
other, directed | downward on the satellite and upward on Earth. | 
The magnitude of this force is 
_ GM E m 
r 2 

_(6.67xl0- u N-m 2 /kg 2 )(5.98xl0 24 kg)(l00 kg) 


= |569N| 


The work done by the Moon's gravitational field is equal to the 
negative of the change of potential energy of the meteor-Moon system: 


-A U 


-(- G ^-o) 


(6.67 x IQ" 11 N • m 2 /kg 2 )(7.36 x 10 22 kg)(1.00xl0 3 kg) 
______ 

= |2.82 x 10 9 J | 


*P13.32 


The enery required is equal to the change in gravitational potential 
energy of the object-Earth system: 


Mm GM e 

U =-G -and g = 2 so that 

r R; 


AU =|(l 000 kg)(9.80 m/s 2 )(6.37xl0 6 m) = | 4.17xlO 10 J | 
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P13.33 


P13.34 


(a) The definition of density gives 

M s 3(l.99xlO 30 kg) 


- Kr 2 47r(6.37xl0 6 m) 3 
3 E 


= 1.84 x10 s kg/m 3 


(b) For an object of mass m on its surface, mg = GM s m/R E 2 9 * . Thus, 
_GM S _(6.67xl0' 11 N■ m 2 /kg 2 )(l.99x 10 30 kg) 

9 *1 (6.37 x 10 6 mf 

= | 3.27 x 10 6 m/s 2 | 


(c) 


Relative to U g = 0 at infinity, the potential energy of the object-star 

system at the surface of the white dwarf is 

U - GM s m 

9 r E 

(6.67xlO" 11 N-m 2 /kg 2 )(l.99xl0 3 ° kg)(l.00 kg) 

6.37xlO 6 m 

= p2.08xl0 13 j| 


(a) Energy conservation of the object-Earth system from release to 
radius r: 


[K+U g ) =(k +U ) 

' 9 • altitude h ' ^ • radius 

„ GM F m 1 2 GM F m 

0- E -=-mv 2 * - E — 


R E +h 2 
1 


v = 2 GM 


1 

R f +h 


dr 

dt 


(b) 



The time of fall is, suppressing units. 


“-IHrsra 

At =(2 x 6.67 x KT” x 5.98 x 10 24 )" v 

x“Tm 1 

6.37x10 s ^ 


6.87xlO 6 m. 
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We can enter this expression directly into a mathematical 
calculation program. 


Alternatively, to save typing we can change variables to u = 


r 

W 


Then 


At =(7.977 xlO 14 )' 172 J (— -- 

v ' 6 j 37 U0 6 U 6.87 x 

' -m 


(io 6 ! 


u 6.87 


xlO 6 

-1/2 


10 6 du 


du 


A mathematics program returns the value 9.596 for this integral, 
giving for the time of fall 

At =3.541 x 1CT 8 x 10 9 x 9.596 =339.8 = | 340 s | 

P13.35 (a) Since the particles are located at the corners of an equilateral 

triangle, the distances between all particle pairs is equal to 
0.300 m. The gravitational potential energy of the system is then 

U Tot =U 12 MJ 13 MJ 23 =3 U I2 


u 


Tot 


3 (6.67 x 1CT 11 N • m 2 /kg 2 ) (5.00 x 10“ 3 kg ) 2 
0.300 m 

= |-1.67 x IQ-”!] 


(b) 


Each particle feels a net force of attraction toward the midpoint 
between the other two. Each moves toward the center of the 
triangle with the same acceleration. They collide simultaneously 
at the center of the triangle. 


Section 13.6 Energy Considerations in 

Planetary and Satellite Motion 

P13.36 We use the isolated system model for energy: 
K i + U i = K f + U f 
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1 


mvf +GM E m\ — =-mv 2 


which becomes 


i^m e (o - j ~ y ~ s r 

, 2 2GM f 

Vf =V7-- 

f 1 

f , 2 GM 
v f =j (2.00 xlO 4 m/s) 2 - 


2(6.67xl0" u N-m 2 /kg 2 )(5.98xl0 24 kg) j| V 
6.37xlO 6 m J 


= 1.66xlO 4 m/s 


*P13.37 To determine the energy transformed to internal energy, we begin by 
calculating the change in kinetic energy of the satellite. To find the 
initial kinetic energy, we use 

vf _ GM e 
R E +h (R e +hf 

which gives 

„ 1 2 1 (GM E m 

K. =-mvf =- - E — 

1 2 ' 2{R E +h 

_ 1T(6.67x 10~ u N-m 2 /kg 2 )(5.98xlO 24 kg)(500kg)l 
_ 21_ 6.37xl0 6 m+0.500xlO 6 m J 

=1.45xlO 10 J 

Also, K f =^mv 2 f =^-(500 kg)(2.00xl0 3 m/s f =1.00xlO 9 J. 
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The change in gravitational potential energy of the satellite-Earth 
system is 

... GM E m GM E m f 1 1 

R, R f [ R i R f 

=(6.67 x lO' 11 N ■ m 2 /kg 2 )(5.98 x 10 24 kg)(500 kg) 

x(-1.14xl0“ 8 m -1 ) 

=-2.27 x 10 9 J 

The energy transformed into internal energy due to friction is then 
AE mt =K -K f -AU =(14.5-1.00 +2.27)xlO 9 J 
= | 1.58 xlO 10 J | 

P13.38 To obtain the orbital velocity, we use 

v _mM G _mv 2 
^ R ~ 2 R~ 

or v = 



We can obtain the escape velocity from 


or 



P13.39 (a) The total energy of the satellite-Earth system at a given orbital 

altitude is given by 

E _ GM m 

t°t 


The energy needed to increase the satellite's orbit is then, 
suppressing units, 

_ (6.67xlQ- 11 )(5.98xl0 24 )l0 3 k g r 1 _ 1 "j 

2 10 3 m [ 6 370 +100 6 370 +200 J 

A E =4.69xlO 8 J = | 469 MJ | 
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P13.40 


(b) 


Both in the original orbit and in the final orbit, the total energy 
is negative, with an absolute value equal to the positive kinetic 
energy. The potential energy is negative and twice as large as 
the total energy. As the satellite is lifted from the lower to the 
higher orbit, the gravitational energy increases, the kinetic energy 
decreases, and the total energy increases. The value of each 
becomes closer to zero. Numerically, the gravitational energy 
increases by 938 MJ, the kinetic energy decreases by 469 MJ, 
and the total energy increases by 469 MJ. 


(a) The major axis of the orbit is 2a = 50.5 AU so a = 25.25 AU. 

Further, in the textbook's diagram of an ellipse, a + C = 50 AU, 
so c = 24.75 AU. Then 


e=- = 2 ^. =1 0.980 I 
a 25.25 1 - 1 


(b) In T 2 = K s a 3 for objects in solar orbit, the Earth gives us 


(lyr) 2 =/C s (l AU) 3 K s 


M 

(1 AU) 3 


Then 


r= (i^Auf (25 - 25AU > 3 -> 7 = 1 127 y 


(6.67 x 10“ n N • m 2 / kg 2 )(l.99 x 10 30 kg)(l.20 x 10 10 kg) 
50(l.496xl0 u m) 

-2.13 x 10 17 J~| 


!f 'P13.41 For her jump on Earth, 

^-mv 2 =mgy f [1] 

which gives 

Vi =pgy f =V2(9.80 m/s)(0.500m) =3.13 m/s 
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We assume that she has the same takeoff speed on the asteroid. Here 


1 2 GM A m n , . 

-mv 2 -=0 +0 

2 R. 


[ 2 ] 


The equality of densities between planet and asteroid. 


M F M a 

*nRl *nR\ 
3 £ 3 A 


implies 


. (R a Y 


Note also at Earth's surface 


g= 


GM F 


[3] 


[4] 


Combining the equations [2], [1], [3], and [4] by substitution gives 
GM a 
r a 


2 1 

GM F 


GM f R 2 a 


r 2 e Yf = r 3 e 

r2 a =y f R E =(0.500 m)(6.37x!0 6 m) 


R a = | 1.78 xlO 3 m~| 

*P13.42 For a satellite in an orbit of radius r around the Earth, the total energy 
of the satellite-Earth system is E Thus, in changing from a 

circular orbit of radius r = 2R E to one of radius r = 3R E , the required 
work is 


W =A E 


GM E m | GM E m 
2 r f 2 r t 


=GM 


E m 


1 

1 

GM E m 

Ur e 

6R e 

12R e 
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*P13.43 


P13.44 


(a) The work must provide the increase in gravitational energy: 
W=AU g =U gf -U , 

gm e m p+ gm e m p 


GM f M p + GM F M n 


R e +y 

=GM F M n (-^- 


Re 

1 

R e +y 

6.67 x 10 -11 N-m : 


P U 


kg J 


(5.98 xlO 24 kg)(100 kg) 

I 1 1 


\6.37x 10 6 m 7.37x 10 6 ml 


1/1/ = 850 MJ 


(b) In a circular orbit, gravity supplies the centripetal force: 
GM E M p _M p v L 

(Re +yf ~R7+y 


Then, 


igm e m p 
2 [R e +y) 


So, additional work =kinetic energy required is 

1 (6.67xlO' 11 N-m 2 /kg 2 )(5.98xl0 24 kg)(l00 kg) 
_ 2 7.37 x 10 6 m 

= | 2.71 x10 9 7] 

(a) The escape velocity from the solar system, starting at Earth's 
orbit, is given by 

solar escape <* / n 

V *'Sun 

_ 12(l.99xl0 30 kg)(6.67xl0 -11 N-m 2 /kg 2 ) 

V 1.50xlO 9 m 
= [4271 km/s | 
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(b) Let x represent the variable distance from the Sun. Then, 

-f 


/2M, im G 


2M s G 


T - 125 000 km , 

If li L-=34.7 m/s, then 


3 600 s 

v 2 


(34.7 m/s) 2 


P13.45 F c = F G gives 


2M Sun G 2(l.99 xlO 30 kg)(6.67xl0" u N m 2 /kg 2 ) 
= [~Z20x 10 11 m | 

Note that at or beyond the orbit of Mars, 125 000 km/h is 
sufficient for escape. 

mv 2 GmM F 


which reduces to 1/ = 


, . , 2 nr _ 

and period =-=27ZT 


(a) r =f? E +200 km =6 370 km +200 km =6 570 km 
Thus, 

period =2n (6.57 x 10 6 m) 


(b) v = 


6.57 x 10 6 m 

^ (6.67 x 10“ n N • m 2 Ag 2 ) (5.98 x 10 24 kg) 
T =5.30 x 10 3 s =88.3 min = | 1.47 h~| 

Igm7 


[6.67 x IQ’ 11 N • m 2 Ag 2 )(5.98 x 10 24 kg) 


7.79 km/s 


(c) K f +U f =K j +U j + energy input gives 


1 2 1 2 

input =-mv 2 f --mvf 


-GM F m ] -GM F m 
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P13.46 


P13.47 


A" =6.37 x 10 6 m 
2nR, 


4.63 x 10 2 m/s 


86 400 s 

Substituting the appropriate values into [1] yields: 


minimum energy input = 6.43 x 10 9 J 


The gravitational force supplies the needed centripetal acceleration. 
GM E m _ mv 2 , _ GM E 


Thus, 


(a) T ='- 


(R e +hf R e +h 
2nr _2n(R E +h) _ 


In, 


(R £ +hf 


(b) 


(c) Minimum energy input is 

AE^=(k,+U -u,) 

This choice has the object starting with energy 
1 


with Vi - 


Thus, 


K: =-mvf 

1 2 ' 


2nRp 


2nRp 


1.00 day 86 400 s 


and U 


r gm e ) 

GM E m 1 

4n 2 R 2 

U+/»J 

R e +h 2 

(86 400 s) 2 


or AE m 


GM E m 

R e +2/7 

2 n 2 R 2 m 

l_2fi E (R E +h)J 

(86 400 s) 2 


(a) 


Gravitational screening does not exist. The presence of the 
satellite has no effect on the force the planet exerts on the 
rocket. 
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(b) The rocket has a gravitational potential energy with respect to 
Ganymede 

Gm.m, = _ (6.67 x KT 11 N • m 2 )m 2 (l.495 x 10 23 kg) 

1 r (2.64 xlO 6 m)kg 2 

U, =(-3.78xlO 6 m 2 /s 2 )m 2 

The rocket's gravitational potential energy with respect to 
Jupiter at the distance of Ganymede is 

_ Gm 1 m 2 _ (6.67X1Q- 11 N m 2 )m 2 (l.90xl0 27 kg) 

2 r (l.071x 10 9 m)kg 2 

U 2 =(-1.18xlO 8 m 2 /s 2 )m 2 

To escape from both requires 

^m 2 i/ 2 sc =4{(3.78xl0 6 +1.18xlO 8 ) rn 2 /s 2 ]m 2 
l/^ =^2x( 1.22xlO 8 m 2 /s 2 ) = | 15.6 km/s] 

P13.48 (a) For the satellite =ma ; E = ni } / i_ gives 

r 2 r 



(b) Conservation of momentum in the forward direction for the 
exploding satellite gives: 


(I mv), =(lmv) f 
5mV: =4 mv +m0 




4l r 


(c) With velocity perpendicular to radius, the orbiting fragment is at 
perigee. Its apogee distance and speed are related to r and v 
by 4 mrv = 4mr f v f and 


1 . 2 GM Am 1 . 2 GM Am 

-4mi/ £— =-4mi/, £— 

2 r 2 r f 
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Substituting v f -we have 

r t 


1 ,, GM e _1 uV GM e 

2 ^ r 2 r) r f 

Further, substituting v 1 ^ gives 

25 GM e GM e _25 GM E r GM E 
32 r r 32 rf r f 
-7 _ 25r 1 
32r~32rf~7 f 

Clearing fractions we have -7rf =25r 2 - 32rr f , or 



. . r f 532 ±J32 2 -4(7)(25) 50 14 

6 6 r 14 14 14 

The latter root describes the starting point. 

The outer end of the orbit has — : 

r 7 

*P13.49 The height attained is not small compared to the radius of the Earth, so 

GM M 

U = mgy does not apply; U = - 1 —- does. From launch to apogee at 

height h, conservation of energy gives 
K i+ U i+ AE mech =K f +U f 



1 

2 


M p vf- 


GM E M p 

Re 


+0 = 0 - 


gm e m p 

R e +h 


The mass of the projectile cancels out, giving 

1^ gm e _gm e 
2 


R e +h 


R e R e +h 

gm f 
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h ±. gm 
n ~l v i_GM a Ke 


(6.67xlO" 11 N m 2 /kg 2 )(5.98xl0 24 kg) 
-(lO.OxlO 3 m/s N- m 7kg-)(5.98x-llFkgI 


(6.37 xlO 6 m) 


-6.37xl0 6 m 


Additional Problems 


P13.50 (a) When the rocket engine shuts off at an altitude of 250 km, we may 

consider the rocket to be beyond Earth's atmosphere. Then, its 
mechanical energy will remain constant from that instant until it 
comes to rest momentarily at the maximum altitude. That is, 

KE f +PE f =KE, +PE ir or 


0 _cmMu 2 _cmM 

r 2 r 


2 GM f 


With r, = R e + 250 km = 6.37 x 10 6 m + 250 x 10 3 m = 6.62 x 10 6 m 
and Vj = 6.00 km/s = 6.00 x 10 3 m/s, this gives 

1 _ (6.00xlO 3 m/s) 2 ( 1 

2(6.67xl0~ n N-m 2 /kg 2 )(5.98xl0 24 kg) 6.62xlO 6 m 
=1.06 x lO -7 nT 1 


or r max = 9.44 x 10 6 m. The maximum distance from Earth's surface 
is then 


h max = r max - R e = 9.44 x 10 6 m - 6.37 x 10 6 m = |3.07xl0 6 m| 

(b) If the rocket were fired from a launch site on the equator, it would 
have a significant eastward component of velocity because of the 
Earth's rotation about its axis. Hence, compared to being fired 
from the South Pole, the rocket's initial speed would be greater, 
and | the rocket would travel farther from Earth | . 
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P13.51 


For a 6.00-km diameter cylinder, r = 3 000 m and to simulate 
1 g = 9.80 m/s 2 . 


v 2 2 

g =— =co r 


= | 0-057 2 radTs] 


The required rotation rate of the cylinder is 


1 rev 
110 s 


(For a description of proposed cities in space, see Gerard K. O'Neill 
in Physics Today, Sept. 1974. and the Wikipedia article on "Rotating 
Wheel Space Station at 

http:/ / en.wikipedia.org/wiki/Rotating_wheel_space_station) 

mv 2 

*P13.52 To approximate the height of the sulfur, set — =mg lo h, with 
h = 70 000 m and g l0 =^~ =1.79 m/s 2 . This gives 


v=^Jl =V2(1.79 m/s 2 ) (70 000 m) 

~ 500 m/s (over 1 000 mi/h) 

We can obtain a more precise answer from conservation of energy: 

1 2 GM m _ GM m 

2 r x ~ r 2 

^v 2 =(6.67x 10” u N• m 2 /kg 2 )(8.90x 10 22 kg) 

x ( i_ i | 

\1.82xl0 6 m 1.89 xlO 6 m/ 

v = |~492 m/s | 

*P13.53 (a) The radius of the satellite's orbit is 

r =R e +h =6.37 x 10 6 m +2.80 x 10 6 m =9.17 x 10 6 m 

Then, modifying Kepler's third law for orbital motion about the 
Earth rather than the Sun, we have 

T 2 _( 4tt 2 3 _ 4/r 2 (9.17xl0 6 m) 3 

[gMeJ (6.67xlO” 11 N-m 2 /kg 2 )(5.98xl0 24 kg) 
=7.63xlO 7 s 2 
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P13.54 


P13.55 


or T =(8.74xl0 3 s)( 


lh 

3 600 s 


(b) The constant tangential speed of the satellite is 

2 nr 2tt(9.17x 10 6 m) , ,-, 

v =— =— v -*-- =6.60 x 10 3 m/s = 6.60 km/s 

T 8.74 xlO 3 s 1 - 1 

(c) The satellite's only acceleration is centripetal acceleration, so 

v 2 (6.60xl0 3 m/s) 2 


9.17xlO 6 m 

fGM 


- = 4.74 m/s toward the Earth 


If one uses the result v and the relation v = (2nr/T), one finds 

the radius of the orbit to be smaller than the radius of the Earth, so the 
spacecraft would need to be in orbit underground. 

The acceleration of an object at the center of Earth Moon 

the Earth due to the gravitational force of the 
M 

Moon is given by a=G—^~. 


*e y a 


O 


At the point A nearest the Moon, 

a + = Gr ^ 

(d-Rj 

At the point B farthest from the Moon, 


ANS. FIG. P13.55 


^ =G, M "„ 

(d +R e ) 


From the above, we have 


A g M _(a + -a_) _GM m 

i 

g g g 

_(d-R E f 


Evaluating this expression, we find across the planet 
A g M _ (6.67 x 10“ u N • m 2 /kg 2 ) (7.36 x 10 22 kg) 

~~g 9.80 m/s 2 


(3.84 x 10 8 m- 6.37 x 10 6 mf (3.84 x 10 8 m +6.37 x 10 6 m f 


2.25 x 10“ 7 
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P13.56 


(a) 


The only force acting on the astronaut is the normal force exerted 
on him by the "floor" of the cabin. The normal force supplies the 
centripetal force: 


and 


_mg 


This gives 


_mg 

2 ~~ ~ 


) (9.80m/s 2 )(10.0m) 


> v =7.00 m/s 


Since v=rco, we have 
v 7.00 m/s 

£9 =- =- 

r 10.0 m 


=|0.700 rad/s | 



ANS. FIG. P13.56 


(b) 


Because his feet stay in place on the floor, his head will be 
moving at the same tangential speed as his feet. However, 
his feet and his head are travelling in circles of different radii. 


(c) 


If he stands up without holding on to anything with his hands, 
the only force on his body is radial. Because the wall of the 
cabin near the traveler's head moves in a smaller circle, it 
moves at a slower tangential speed than that of the traveler's 
head so his head moves toward the wall—if he is not careful, 
there could be a collision. This is an example of the Coriolis 
force investigated in Section 6.3. Holding onto to a rigid support 
with his hands will provide a tangential force to the traveler to 
slow the upper part of his body down. 
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P13.57 


(a) Ignoring air resistance, the energy conservation for the object- 
Earth system from firing to apex is given by, 

2 ' R f R f +h 


where -mi/ 2 

2 es 


GmM F 


. Then 


1 , 1 , 1 , 

= -Vd, 


22 

i 


2 

_ KLc^E 

+h 

R c +h 


R f +h 




^sc^E “ KLc^E +^E 


\4 C - i/f 


Rt “ 

R E vf 

= '4^? 

(6.37xl0 6 m )(8.76 km/s)' 


h (11.2 km/s) 2 - (8.76 km/s) 2 I 1 - 0 °x 1 ° 7 m I 

(b) The fall of the meteorite is the time-reversal of the upward flight 
of the projectile, so it is described by the same energy equation: 


vf=V*Jl- 
= vt 


*e 

R f +h 
h_ 

R e +h 

=(ll.2 x 10 3 m/s) 2 

=1.00xl0 8 m 2 /s 2 
=1 1.00 xlO 4 m/s I 


2.51 xlO 7 m 


6.37x10 s m+2.51 xlO 7 m 
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P13.58 


(a) Ignoring air resistance, the energy conservation for the object- 
Earth system from firing to apex is given by, 

2 ' R f R e +h 


where —mi/ 2 

2 es ‘ 


GmM E 


2 

vLc-vf 

1 


2 esc 2 

_ 

= R e +h 
R E +h 


c R f +h 


*4c 

- vf vLc R e 

h = 

\f esc R e 

R 


v^-vf 

k e ' 

[T 

_ R E vf 


| ^sc-^f 



l/f sc R e - V^sc^E +V i^E 

~~ v^, sc -\4 


(b) The fall of the meteorite is the time-reversal of the upward flight 
of the projectile, so it is described by the same energy equation. 
From (a) above, replacing v j with v fr we have 


4 =*4 c - *4 

Vf =V ^scfl- 


*E 

c R e +h 
R t 
R e +h 



1 h 

v, ~ v H 

R e +h 


(c) With y. « . But g-=^L, so h JL, in 


agreement with 0 2 =vj +2(-g)[h-0). 
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P13.59 (a) Let R represent the radius of the asteroid. Then its volume is 

4 4 

— 7tR 3 and its mass is p—nR 3 . For your orbital motion, =ma 
gives 

G/iyn 2 _m 2 v 2 GpAnR 3 _v 2 

~R 2 R ^ 3R 2 ~R 

solving for R , 



3(8.50 m/s) 2 

(6.67xl0~ n N m 2 /kg 2 )(l 100 kg/m 3 ) 4n 
1.53 x 10 4 m ] 


(b) 

(c) 


P^ttR 3 =(l 100 kg/m 3 )|tt(i.53x 10 4 m) 3 = | 1.66xlO 16 k^] 


2 kR _ 2 kR 2tt(i.53x 10 4 m) , , 

= T =^— =— -- = 1.13 x 10 4 s =3.15 h 

T v 8.5 m/s 1 - 1 


(d) 


For an illustrative model, we take your mass as 90.0 kg and 
assume the asteroid is originally at rest. Angular momentum is 
conserved for the asteroid-you system: 


1^=14 

0 =m 2 vR — I co 
0 =m 2 vR --/DjR 2 — 

^ 'asteroid 

47t m,R 

m 2 v =- 1 — 

5 T 

^ asteroid 

_4jrm 1 R _4^(l.66x 10 16 kg)(l.53xl0 4 m) 
asteroid ” 5m 2 v 5(90.0 kg)(8.50 m/s) 

=8.37 x 10 17 s =26.5 billion years 


Thus your running does not produce significant rotation of the 
asteroid if it is originally stationary and does not significantly 
affect any rotation it does have. 


This problem is realistic. Many asteroids, such as Ida and Eros, 
are roughly 30 km in diameter. They are typically irregular in 
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P13.60 


P13.61 


shape and not spherical. Satellites such as Phobos (of Mars), 
Adrastea (of Jupiter), Calypso (of Saturn), and Ophelia (of Uranus) 
would allow a visitor the same experience of easy orbital motion. 
So would many Kuiper Belt objects. 


(a) 


The two appropriate isolated system models are conservation 
of momentum and conservation of energy applied to the system 
consisting of the two spheres. 


(b) Applying conservation of momentum to the system, we find 
+m 2 v 2i =m 1 v lf +m 2 v 2f 
0+0 =M v lf +2 M v 2f 



(c) Applying conservation of energy to the system, we find 

K, MJ f +AE =K f +U f 

n Gm x m 2 , n 1 2i l 2 Gnym 

0-— +0 =-m,M\ f +-m 7 v -— 

r, 2 2 2 r f 

_GM(2M) = 1 1 GM(2M) 

12 R 2 lf 2 2f 4 R 

1 „ 2 GM GM - 

2 lf 2 R 6 R 2f 


3 R 




(d) Combining the results for parts (b) and (c). 



(a) At infinite separation U = 0 and at rest K = 0. Since the system is 
isolated, the energy and momentum of the two-planet system is 
conserved. We have 


„ 1 2 1 2 Gm,m 7 

0 =-m,v, +-m ? v \ - X — L 

2 1 1 2 2 2 d 


[ 1 ] 
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and 

0 =m 1 v l -m 2 v 2 [2] 

because the initial momentum of the system is zero. 

Combine equations [1] and [2]: 

and 


The relative velocity is then 


Vr =l/i-(-l/ 2 ) = 


(b) The instant before the collision, the distance between the planets 
is d = r x + r 2 . Substitute given numerical values into the equation 
found for V, and V 2 in part (a) to find 

v 1 =1.03 x 10 4 m/s and v 2 =2.58 x 10 3 m/s 
Therefore, 

K 1 =hn x vl = | 1.07 x 10 32 J~| and K 2 =^m 2 v 2 = | 2.67 xlO 31 J] 

P13.62 (a) The free-fall acceleration produced by the Earth is 

g =—^~ =GM E r~ 2 (directed downward) 

Its rate of change is 

^ =GM E {-2)r 3 =-2GM E r~ 3 
dr 

The minus sign indicates that g decreases with increasing height. 
At the Earth's surface, 

dg _ 2 GM e 
dr R 3 e 

(b) For small differences, 

N = N _ 2 gm e 

A r h R 3 e 

Thus, 


/2G (/rjj +m 2 ) 


2 G 
+m 2 ) 


2 G 

d(/TJ a +m 2 ) 
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P13.63 


(c) 


N = 


2GM E h 

*1 


M =- 


2(6.67 xlO“ u N m 2 /kg 2 )(5.98xl0 24 kg)(6.00 m) 


(6.37 xlO 6 


=|l.85x 10~ 5 m/s 2 1 


(a) Each bit of mass dm in the ring is at the same distance from the 
object at>4. The separate contributions to the system 

energy add up to - —™^ . When the object is at A , this is 
r 


(6.67 x 1CT 11 N ■ m 2 /kg 2 )(l 000 kg)(2.36 x IQ 20 kg) 
yf( 1.00xlO 8 m) 2 +(2.00xlO 8 m) 2 

(b) When the object is at the center of the ring, the potential energy of 
the system is 

(6.67xlO" 11 N-m 2 /kg 2 )(l 000 kg)(2.36x 10 20 kg) 

1.00xlO 8 m 

= | -1.57 x 10^~j~| 

(c) Total energy of the object-ring system is conserved: 


(K+U g l=(K+U g ) s 


0 - 7.04 x 10‘ J =| (l 000 kg) 14 -1.57 x 10 5 J 
2x8.70xlO 4 J 


1 000 kg 


13.2 m/s 


!f 'P13.64 The original orbit radius is 

r =a =6.37 x 10 6 m +500 x 10 3 m =6.87 x 10 6 m 


The original energy is 


_ GM m 
2a~ 

(6.67 x IQ" 11 N •m 

2(6.87x10“ m) 

=-2.90x10” J 
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P13.65 


P13.66 


We assume that the perigee distance in the new orbit is 6.87 x 10 6 m. 
Then the major axis is 2a =6.87 x 10 6 m +2.00 x 10 7 m =2.69 x 10 7 m 
and the final energy is 

_ GM m 
f 2a~ 

(6.67x 10~ n N m 2 /kg 2 )(5.98xl0 24 kg)(l0 4 kg) 

2.69 xlO 7 m 

=-1.48 xlO 11 J 

The energy input required from the engine is 

E f - E, =-1.48 x 10 11 J - (-2.90 x 10 u j) = | 1.42xlO ir j~| 


From the walk, Inr = 25 000 m. Thus, the radius of the planet is 


25 000 m 
In 


=3.98 x 10 3 m 


From the drop: 

Ay =^ge =^g{ 29.2 s) 2 =1.40 m 


2 1.40 m , n _g /2 MG 

g =~r - w- =3.28 x 10 m/s =^r- 

y (29.2 s) 2 r 2 

which gives 

M = | 7.79xlO 14 kg~| 

The distance between the orbiting stars is 
/T 

d =2rcos30° =\[?>r since cos 30° =—. The net 
2 

inward force on one orbiting star is 

6mm _ GMm 
—cos 30° +—=— 
d 2 r 2 

Gm/n „„„ mv 2 

+—^~ cos 30° =- 


G m2 cos 30° | GM _ 4 n 2 r 2 


G l73 +M 




ANS. FIG. P13.66 
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P13.67 


P13.68 


solving for the period gives 

G (m +m/V 3 ) 

/ ., y/2 

T _2 ”[g(m +m/73)J 

(a) We find the period from 

7 ._ 2 ^ r _ 2^( 30000x9 . 46xl ° 15 m )_^ 15 _ 

v 2.50 x10 s m/s X S 

= | 2 x10 s yr~| 

(b) We estimate the mass of the Milky Way from 

M _47r 2 a i _ 4;r 2 (30 000 x 9.46x 10 15 m) 3 

GT 2 (6.67 x 10~ u N • m 2 /kg 2 )(7.13 x 10 15 sf ' 

=2.66 xlO 41 kg 


or [about 10 41 kg| 

Note that this is the mass of the galaxy contained within the Sun's 
orbit of the galactic center. Recent studies show that the true mass 
of the galaxy, including an extended halo of dark matter, is at 
least an order of magnitude larger than our estimate. 

(c) A solar mass is about 1 x 10 30 kg: 10 41 /10 3 ° = 10 11 
The number of stars is | on the order of 10 11 | . 


Energy conservation for the two-sphere system from release to contact: 

Gmm _ 

R 


Gmm 1,1, 

- +-mv 2 +-mv 2 

2r 2 2 


Gm f±_lW _> 

Ur R J { 12r R \) 


(a) The injected momentum is the final momentum of each sphere, 

mv=m2, i Gm [^-B' = |[ Gm U“ir) 
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P13.69 


P13.70 


(b) If they now collide elastically each sphere reverses its velocity 
to receive impulse 


mv-[-mv) =2 mv 



(a) The net torque exerted on the Earth is zero. Therefore, the angular 
momentum of the Earth is conserved. We use this to find the 
speed at aphelion: 

mr a v a =mr p v p 

and 

V. =v p[y) =(3.027 xio 4 = | 2.93 xlO 4 m/s] 

(b) K p =^mv 2 p =^(5.98 x 10 24 kg) (3.027 x 10 4 m/s f = | 2.74xl0 33 J] 

_ GmM 

u p ~ 

p 

(6.67 x 10" 11 N • m 2 /kg 2 )(5.98 x 10 24 kg)(l.99 x 10 30 kg) 

~ 1.471 xlO 11 m 

= p-5.40 x 10 33 J | 

(c) Using the same form as in part (b), 

K a = | 2.57 x IQ 38 JJ and U a = | -5.22 x 10”J] 

(d) Compare to find that 

K p +U p = | -2.66x10 33 J] and K a +U a = | -2.65 xlO 33 ^ . 


| They agree, | with a small rounding error. 

For both circular orbits, 

GM E m mv 2 
=ma: —=- 




ANS. FIG. P13.70 
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(a) The original speed is 


|(6.67 xlO -11 N- 

m 2 /kg 2 )(5.98x 10 2/ 

' kg) 

V 6.37 x 10 

6 m +2.00 x 10 5 m 


7.79xl0 3 m/s 



speed is 



1(6.67 xlO' 11 N- 

m 2 /kg 2 )(5.98x 10 2 ' 

' kg) 

V 6 

vi 

X 

0 

3 



= 7.85 x 10 3 m/s 


The energy of the satellite-Earth system is 
4 E rr _ 


„ 1 2 GM F m 1 GM f GM f GM E m 

K -W n =-mv 2 -— =-m --- E =- E — 

9 2 r 2 r r 2 r 


(c) Originally, 


(6.67 xlCT 11 N m 2 /kg 2 )(5.98xl0 24 kg)(l00 kg) 
2(6.57 x 10 6 m) 


= -3.04 xlO 9 J 


(d) Finally, 


(6.67xlO' 11 N-m 2 /kg 2 )(5.98xl0 24 kg)(l00 kg) 
2 (6.47 xlO 6 m) 


= -3.08xlO 9 J 


(e) Thus the object speeds up as it spirals down to the planet. The 
loss of gravitational energy is so large that the total energy 
decreases by 

E -E f =-3.04x 10 9 J - (-3.08 x 10 9 j) =| 4.69 x 10 7 J~| 


(f) The only forces on the object are the backward force of air 
resistance R , comparatively very small in magnitude, and the 
force of gravity. Because the spiral path of the satellite is not 
perpendicular to the gravitational force, 
one component of the gravitational force pulls forward 
on the satellite 


to do positive work and make its speed increase. 
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P13.71 


P13.72 


P13.73 


The centripetal acceleration of the blob comes from gravitational 
acceleration: 

v 2 _M C G _4 n 2 r 2 
r r 2 T 2 r 
GMJ 2 =4 x 2 r 3 

Solving for the radius gives 

_ (6.67x 1CT 11 N-m 2 /kg 2 )(20)(l.99xl0 30 kg)(5.00xl(T 3 s) 2 ]^ 
r_ [ 47T 2 

r ofbit = 1 119 km I 

From Kepler's third law, minimum period means minimum orbit size. 
The "treetop satellite" in Problem 38 has minimum period. The radius 
of the satellite's circular orbit is essentially equal to the radius R of the 
planet. 


P13.71 


P13.72 


P13.73 





Let m represent the mass of the meteoroid and y 
its speed when far away. No torque acts on the 
meteoroid, so its angular momentum is conserved 
as it moves between the distant point and the 
point where it grazes the Earth, moving 
perpendicular to the radius: 



ANS. FIG. P13.73 


L, =L f : mijXVi =mr f xv f 


m(3R E Vj)=mR E v f 
v f =3y 
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Now, the energy of the meteoroid-Earth system is also conserved: 


(k-wJ =(kw, 


1 2 „ 1 2 
- mvf +0 =-mv f 
2 ' 2 f 


2 2 ' ' R e 


GM E m 



P13.74 


If we choose the coordinate of the center of mass at the origin, then 


(M r 2 -mrj 
M +m 


and 


M r 2 =mrj 


(Note: this is equivalent to saying that the net torque must be zero and 
the two experience no angular acceleration.) For each mass F = me so 


mr x (n\ 


M Gm 

'~dT 


and 


M r 2 (ol 


M Gm 

’’~dT 



ANS. FIG. P13.74 


Combining these two equations and using d = r x + r 2 gives 
(M +m)G 


l r i +CJ® 


- with 


ft), -co 2 =0J 

and 



co 

we find 


T 2 


4 n 2 d 3 

G (M +m) 
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P13.75 The gravitational forces the particles exert on each other are in the X 
direction. They do not affect the velocity of the center of mass. Energy 
is conserved for the pair of particles in a reference frame coasting along 
with their center of mass, and momentum conservation means that the 
identical particles move toward each other with equal speeds in this 
frame: 


U gi+ K i + K=U gf+ K f + K f 


L +0 = 


(6.67 x 1CT 11 N-m 2 /kg 2 )(l 000 kg) 2 
20.0 m 

(6.67 x IQ' 11 N-m 2 /kg 2 )(l 000 kg) 2 
2.00 m 

faooxioyjI 8 _ m/s 

^ 1 000 kg J 


+2^-J(l 000 kg)v 2 


P13.76 


Then their vector velocities are (800 +1.73 x 10 -4 ) i m/s and 
(800 -1.73 x 10 -4 )! m/s for the trailing particle and the leading 
particle, respectively. 


(a) The gravitational force exerted on m by the Earth (mass M E ) 

accelerates m according to g 2 = . The equal-magnitude force 

exerted on the Earth by m produces acceleration of the Earth 
given by g 2 =^~. The acceleration of relative approach is then 


g 2 +9i 


Gm , GM E 

: 7 r + ~F r ~ 

(6.67 x 10“ n 


N • m 2 /kg 2 )(5.98 x 10 24 kg + m) 
(l.20 x 10 7 m) 2 


(2.77 m/s 2 


5.98 xlO 24 kg 


(b) and (c) Here m = 5 kg and m = 2000 kg are both negligible 

compared to the mass of the Earth, so the acceleration of relative 
approach is just |2.77 m/s 2 ] . 
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P13.77 


(d) Substituting m = 2.00 x 10 24 kg into the expression for (g 1 + g 2 ) 
above gives 

g 1 +g 2 = |3.70 m/s 2 ] 


(e) 


Any object with mass small compared to the Earth starts to 
fall with acceleration 2.77 m/s 2 . As m increases to become 
comparable to the mass of the Earth, the acceleration increases, 
and can become arbitrarily large. It approaches a direct pro¬ 
portionality to m. 


For the Earth, 
Then 


XF =ma: 

GMT 2 =4n 2 r 3 


GM ,m mv 2 


m, 

r 


¥f 


Also, the angular momentum L =mvr =m^^r is a constant for the 


Earth. We eliminate r = /- between the equations: 

\2n m n 


(IT \ 3/2 

GM S T 2 =4n 2 \^—^\ gives GM S T 1/2 =4n 2 
Now the rates of change with time t are described by 



L V 3/2 

2nm J 


or 



AT 

At 


which gives 


dM , 


AT ~-At——^ 2— 


=-(5 000 yr)[ 3 - 16 ^ Q S j(-3.64xl0 9 kg/s 
AT = | 5.78xlO~ 10 ~s~| 


If 


1.99 xlO 30 kg 
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Challenge Problems 

P13.78 Let m represent the mass of the spacecraft, r E the radius of the Earth's 
orbit, and x the distance from Earth to the spacecraft. 

The Sun exerts on the spacecraft a radial inward force of 

_ GM s m 

s "(TTf 


while the Earth exerts on it a radial outward force of 


Fe 


GM E m 

% 2 


The net force on the spacecraft must produce the correct centripetal 
acceleration for it to have an orbital period of 1.000 year. 


Thus, F s - F e 


GM s m 



GM E m _ mv 2 _ m 


x 2 (r E -x) (r E -x) 

T 


which reduces to 


GM S GM e _4n 2 (r E -x) 
(r E ~xf~ x 2 T 2 


[l] 


Cleared of fractions, this equation would contain powers of X ranging 
from the fifth to the zeroth. We do not solve it algebraically. We may 
test the assertion that X is 1.48 x 10 9 m by substituting it into the 
equation, along with the following data: M s = 1.99 x 10 30 kg, 

M E = 5.974 x 10 24 kg, r E = 1.496 x 10 11 m, and T = 1.000 yr = 3.156 x 10 7 s. 

With X = 1.48 x 10 9 m, the result is 

6.053 x 10“ 3 m/s 2 -1.82 x 10~ 3 m/s 2 - 5.870 8 x 10’ 3 m/s 2 


or 5.870 9 x 10~ 3 m/s 2 - 5.870 8 x 10“ 3 m/s 2 


| To three-digit precision, the solution is 1.48 x 10 9 m. | 

As an equation of fifth degree, equation [1] has five roots. The Sun- 
Earth system has five Lagrange points, all revolving around the Sun 
synchronously with the Earth. The SOHO and ACE satellites are at 
one. Another is beyond the far side of the Sun. Another is beyond the 
night side of the Earth. Two more are on the Earth's orbit, ahead of the 
planet and behind it by 60°. The twin satellites of NASA's STEREO 
mission, giving three-dimensional views of the Sun from orbital 
positions ahead of and trailing Earth, passed through these Lagrange 
points in 2009. The Greek and Trojan asteroids are at the co-orbital 
Lagrange points of the Jupiter-Sun system. 
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P13.79 (a) From the data about perigee, the energy of the satellite-Earth 

system is 

E =I mi/ 2_^V!l = I( 160kg )( 8 23xl0 3 m/s) 2 
2 r p 2 

(6.67 xlCT 11 N ■ m 2 /kg 2 )(5.98 x 10 24 kg)(l.60 kg) 
7.02 x 10 6 m 

or E = |-3.67 x l(f~jj 

(b) L =mvr sin 6 =mv p r p sin 90.0° 

=(l.60kg)(8.23xl0 3 m/s)(7.02xl0 6 m) 

= |9.24xlQ 10 kg-m 2 /s| 

(c) Since both the energy of the satellite-Earth system and the 
angular momentum of the Earth are conserved, 

at apogee we must have 

1 2 GMm r 

-mv: - -E 

2 a r 


and mv a r a sin 90.0 0 =L 


Thus, 

i(l.60kg)vi 

(6.67 xlO- 11 N • m 2 /kg 2 )(5.98 x 10 24 kg)(l.60 kg) 


and (l.60 kg) v/ a =9.24x 10 10 kg • m 2 /s 


Solving simultaneously, and suppressing units, 

1 (6.67 x 10 11 )(5.98 x 10 24 )(l.60)(l.60) \/ a 

2 1 60 a 9.24 xlO 10 

=-3.67 xlO 7 

which reduces to 


so 


0.800 \f a -11046 v a +3.672 3 x 10 7 =0 

_11046 ±^(11046 f - 4(0.800)(3.672 3 x 10 7 ) 
Va 2(0.800) 
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This gives V g = 8 230 m/s or \5 580 m/s] . The smaller answer 
refers to the velocity at the apogee while the larger refers to 
perigee. 


Thus, 


L 

mv a 


9.24xlO 10 kg m 2 /s 
(l.60kg)(5.58x!0 3 m/s) 


1.04xlO 7 m~| 


(d) The major axis is 2a = r p + r g/ so the semimajor axis is 

a =^-(7.02x 10 6 m +1.04x 10 7 m) = | 8.69xlO 6 m~| 

T _ hn 2 ct _ I 4^ 2 (8.69xlO 6 m) 3 

\ GM7 (6.67 x 10- 11 N • m 2 /kg 2 )(5.98 x 10 24 kg) 

T =8 060 s = | 134 min | 


*P13.80 (a) 


Energy of the spacecraft-Mars system is conserved as the 
spacecraft moves between a very distant point and the point of 
closest approach: 


0+0 =-mv) - GM MaislT 
2 r r 


v r 


After the engine bum, for a circular orbit we have 


XF =ma: 


GM m m 


v o 


■Fr 


, mv l 

r 


The percentage reduction from the original speed is 


v r 4lv 0 


V2-1 


V2 


100% = 1 29.3% I 


(b) The answer to part (a) applies with | no changes | , as the solution 
to part (a) shows. 
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lNSWERS to even-numbered problems 


P13.2 ~10' 7 N 

P13.4 (a) 4.39 x 10 20 N; (b) 1.99 x 10 20 N; (c) 3.55 x 10 22 N; (d) The force exerted 

by the Sun on the Moon is much stronger than the force of the Earth on 
the Moon. 

P13.6 (-10.Oi +5.93j) x 10" 11 N 

P13.8 The situation is impossible because no known element could compose 
the spheres. 

P13.10 3.06 x 10" 8 m 

P13.12 - 

3 

2 MGr 

V13.U (a)^ 3/2 toward the center of mass; (b) At r = 0, the fields of the 

two objects are equal in magnitude and opposite in direction, to add to 
zero; (c) As r-> 0,2MGr(r 2 +3 2 ) 3/2 approaches 2M G(0)/a 3 = 0; (d) 
When r is much greater than a, the angles the field vectors make with 
the x axis become smaller. At very great distances, the field vectors are 
almost parallel to the axis; therefore they begin to look like the field 
vector from a single object of mass 2M ; (e) As r becomes much larger 
than a, the expression approaches 
2 MGr(r 2 +0 2 )" 3/2 =2 MGr/r 3 =2MG/r 2 as required. 

P13.16 (a) 1.31 x 10 17 N; (b) 2.62 x 10 12 N/kg 

P13.18 1.90 x 10 27 kg 

P13.20 (a) The particle does posses angular momentum because it is not 

headed straight for the origin, (b) Its angular momentum is constant. 
There are no identified outside influences acting on the object, (c) See 
P13.20(c) for full explanation. 

P13.22 1.30 revolutions 

P13.24 1.27 

P13.26 1.63 x 10 4 rad/s 

P13.28 (a) 6.02 x 10 24 kg; (b) The Earth wobbles a bit as the Moon orbits it, so 

both objects move nearly in circles about their center of mass, staying 
on opposite sides of it. 
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P13.30 

P13.32 

P13.34 

P13.36 

P13.38 

P13.40 

P13.42 

P13.44 

P13.46 

P13.48 

P13.50 

P13.52 


(a) -4.77 x 10 9 J; (b) 569 N 
4.17 x lO 10 J 

(a) See P13.34 for full description; (b) 340 s 
1.66 x 10 4 m/s 


Jlv 

(a) 0.980; (b) 127 yr; (c) -2.13 x 10 17 J 
GM E m 
12 R e 

(a) 42.1 km/s; (b) 2.20 x 10 11 m 


(a) 2k 



; (c) GM E m\ 


R e +2 h 

2R7W7+h] 


, * (GM e Y 2 _ , 5(GMA m / \ 25r 

{ * )v 'irr) ;(b) 4l^J ;(c)r '-r 


2 n 2 R 2 E m 
(86 400 s) 2 


(a) 3.07 x 10 6 m; (b) the rocket would travel farther from Earth 
492 m/s 


P13.54 If one uses the result v=^—^~ and the relation v=(2nr/T), one finds 

the radius of the orbit to be smaller than the radius of the Earth, so the 
spacecraft would need to be in orbit underground. 

P13.56 (a) 0.700 rad/s; (b) Because his feet stay in place on the floor, his head 

will be moving at the same tangential speed as his feet. However, his 
feet and his head are travelling in circles of different radii; (c) If he's 
not careful, there could be a collision between his head and the wall 
(see P13.56 for full explanation) 

P13.58 (a) h ; (b) Vf ; (c) With 

, R E vf R E vfR E GM e vf . 

v x « v^, h ~ ^ ■ But 3 = ^2 ' so h ~~ m agreement 

with 0 2 =vf +2(-g)(h-0). 
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P13.60 


P13.62 

P13.64 

P13.66 

P13.68 

P13.70 

P13.72 

P13.74 

P13.76 


P13.78 

P13.80 


(a) The two appropriate isolated system models are conservation of 
momentum and conservation of energy applied to the system 

consisting of the two spheres; (b) - 2 v 2f ; (c) -2 vf f ; 

V 3 R 


(d) u 2 


«»£ a 


K'V# 

2 GM, 


; (b) |Agr| = 


R 

2 GM F h 


Rl 


(c) 1.85 X 1CT 5 m/s 2 


1.42 x 10 11 J 

See P13.66 for the full answer. 


(a) 7.79 x 10 3 m/s; (b) 7.85 x 10 3 m/s; (c) -3.04 x 10 9 J; (d) -3.08 x 10 9 J; 
(e) 4.69 x 10 7 J; (f) one component of the gravitational force pulls 
forward on the satellite 

See P13.72 for full description. 

See P13.74 for full description. 

(a) (2.77 m/s 2 ) 1 +- ^7 - ; (b and c) 2.77 m/s 2 ; (d) 3.70 m/s 2 ; 

V \ 5.98 x 10 kg J V 

(e) Any object with mass small compared to the Earth starts to fall with 
acceleration 2.77 m/s 2 . As m increases to become comparable to the 
mass of the Earth, the acceleration increases and can become arbitrarily 
large. It approaches a direct proportionality to m. 

See P13.78 for full description. 

(a) 29.3%; (b) no changes 
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CHAPTER OUTLINE 


14.1 Pressure 

14.2 Variation of Pressure with Depth 

14.3 Pressure Measurements 

14.4 Buoyant Forces and Archimedes's Principle 

14.5 Fluid Dynamics 

14.6 Bernoulli's Equation 

14.7 Other Applications of Fluid Dynamics 


* An asterisk indicates a question or problem new to this edition.) 


lNSWERS to objective questions 


OQ14.1 Answer (c). Both must be built the same. A dam must be constructed 
to withstand the pressure at the bottom of the dam. The pressure at 
the bottom of a dam due to water is P =pgh, where h is the height of 
the water. If both reservoirs are equally high (meaning the water is 
equally deep), the pressure is the same regardless of width. 

OQ14.2 Answer (b), (e). The buoyant force on an object is equal to the weight 
of the volume of water displaced by that object. 

OQ14.3 Answer (d), (e). The buoyant force on the block is equal to the 
WEIGHT of the volume of water it displaces. 

OQ14.4 Answer (b). The apple does not change volume appreciably in a 

dunking bucket, and the water also keeps constant density. Then the 
buoyant force is constant at all depths. 

OQ14.5 Answer (c). The water keeps nearly constant density as it increases in 
pressure with depth. The beach ball is compressed to smaller volume 
as you take it deeper, so the buoyant force decreases. Note that the 
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OQ14.6 

OQ14.7 

OQ14.8 

OQ14.9 

OQ14.10 

OQ14.11 

OQ14.12 


situation this question considers is different from that of OQ14.2. In 
OQ14.2, the beach ball is fully inflated at a pressure higher than 1 
atm, and the tension from the plastic balances the excess pressure. So 
even when the ball is 1 m under water, the water pressure increases, 
so the plastic tension decreases, but the inside pressure remains 
practically constant, hence no volume change. 

Answer (a), (c). Both spheres have the same volume, so the buoyant 
force is the same on each. The lead sphere weighs more, so its string 
tension must be greater. 

Answer (c). The absolute pressure at depth h below the surface of a 
fluid having density p is P =P 0 +pgh, where P 0 is the pressure at the 
upper surface of that fluid. The fluid in each of the three vessels has 
density p = p water , the top of each vessel is open to the atmosphere so 
that P 0 = P atm in each case, and the bottom is at the same depth h 
below the upper surface for the three vessels. Thus, the pressure P at 
the bottom of each vessel is the same. 

Answer (b). Ice on the continent of Antarctica is above sea level. At 
the north pole, the melting of the ice floating in the ocean will not 
raise the ocean level (see OQ14.15). 

Answer (c). The normal force from the bottom plus the buoyant force 
from the water together balance the weight of the boat. 

(i) Answer (b). (ii) Answer (c). When the steel is underwater, the 
water exerts on the steel a buoyant force that was not present when 
the steel was on top surrounded by air. Thus, slightly less wood will 
be below the water line on the wooden block. It will float higher. In 
both orientations the compound floating object displaces its own 
weight of water, so it displaces equal volumes of water. The water 
level in the tub will be unchanged when the object is turned over. 

Answer (b). The excess pressure is transmitted undiminished 
throughout the container. It will compress air inside the wood. The 
water driven into the pores of the wood raises the block's average 
density and makes if float lower in the water. Add some thumbtacks 
to reach neutral buoyancy and you can make the wood sink or rise at 
will by subtly squeezing a large clear-plastic soft-drink bottle. Rene 
Descartes invented this toy or trick, called a Cartesian diver. 

Answer (b). The level of the pond falls. This is because the anchor 
displaces more water while in the boat. A floating object displaces a 
volume of water whose weight is equal to the weight of the object. A 
submerged object displaces a volume of water equal to the volume of 
the object. Because the density of the anchor is greater than that of 
water, a volume of water that weighs the same as the anchor will be 


or in part. 
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OQ14.13 


OQ14.14 


OQ14.15 

OQ14.16 


greater than the volume of the anchor. 

Answer: (b) = (d) = (e) > (a) > (c). Objects (a) and (c) float, and (e) 
barely floats (we ignore the thin-walled bottle). On them the buoyant 
forces are equal to the gravitational forces exerted on them, so the 
ranking is (e) greater than (a) and (e) greater than (c). Objects (b) and 
(d) sink, and have volumes equal to (e), so they feel equal-size 
buoyant forces: (e) = (b) = (d). 

Answer (d). You want the water drop-Earth system to have four 
times the gravitational potential energy, relative to where the water 
drop leaves the nozzle, as a water drop turns around at the top of the 
fountain. Therefore, you want it to start out with four times the 
kinetic energy, which means with twice the speed at the nozzle. 
Given the constant volume flow rate A v, you want the area to be two 
times smaller. If the nozzle has a circular opening, you need to 
decrease its radius only by the square root of two. 

Answer (c). The water level stays the same. The solid ice displaced its 
own mass of liquid water. The meltwater does the same. 


Answer (e). Since the pipe is horizontal, each part of it is at the same 
vertical level or has the same y coordinate. Thus, from Bernoulli's 

equation P +^pv 2 +pgy =constant, we see that the sum of the 



also be constant throughout the pipe. 


lNSWERS to conceptual questions 


CQ14.1 The horizontal force exerted by the outside fluid, on an area element 
of the object's side wall, has equal magnitude and opposite direction 
to the horizontal force the fluid exerts on another element 
diametrically opposite the first. 

CQ14.2 The weight depends upon the total volume of water in the glass. The 

pressure at the bottom depends only on the depth. With a cylindrical 
glass, the water pushes only horizontally on the side walls and does 
not contribute to an extra downward force above that felt by the 
base. On the other hand, if the glass is wide at the top with a conical 
shape, the water pushes outward and downward on each bit of side 
wall. The downward components add up to an extra downward 
force, more than that exerted on the small base area. 

CQ14.3 The air in your lungs, the blood in your arteries and veins, and the 
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CQ14.4 

CQ14.5 


CQ14.6 

CQ14.7 

CQ14.8 


protoplasm in each cell exert nearly the same pressure, so that the 
wall of your chest can be in equilibrium. 

Yes. The propulsive force of the fish on the water causes the scale 
reading to fluctuate. Its average value will still be equal to the total 
weight of bucket, water, and fish. In other words, the center of mass 
of the fish-water-bucket system is moving around when the fish 
swims. Therefore, the net force acting on the system cannot be a 
constant. Apart from the weights (which are constants), the vertical 
force from the scale is the only external force on the system: it 
changes as the center of mass moves (accelerates). So the scale 
reading changes. 

(a) The greater air pressure inside the spacecraft causes air to be 
expelled through the hole. 

(b) Clap your shoe or wallet over the hole, or a seat cushion, or 
your hand. Anything that can sustain a force on the order of 
100 N is strong enough to cover the hole and greatly slow down 
the escape of the cabin air. You need not worry about the air 
rushing out instantly, or about your body being "sucked" 
through the hole, or about your blood boiling or your body 
exploding. If the cabin pressure drops a lot, your ears will pop 
and the saliva in your mouth may boil—at body temperature— 
but you will still have a couple of minutes to plug the hole and 
put on your emergency oxygen mask. Passengers who have 
been drinking carbonated beverages may find that the carbon 
dioxide suddenly comes out of solution in their stomachs, 
distending their vests, making them belch, and all but frothing 
from their ears; so you might warn them of this effect. 

The rapidly moving air above the ball exerts less pressure than the 
atmospheric pressure below the ball. This can give substantial lift to 
balance the weight of the ball. 

Imagine there have been large water demands and the water vessel 
at the top is half full. The depth of water from the upper water 
surface to the ground is still large. Therefore, the pressure at the base 
of the water is only slightly reduced from that due to a full tank, 
resulting in adequate water pressure at residents' faucets. If the 
water tank were a tall cylinder, a half-full tank would be only half as 
deep and the pressure at residents' faucets would be only half as 
great. Also, the water level in a tall cylinder would drop faster, 
because its cross-sectional area is smaller, so it would have to be 
replaced more often. 

Like the ball, the balloon will remain in front of you. It will not bob 
up to the ceiling. Air pressure will be no higher at the floor of the 


or in part. 
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CQ14.9 


CQ14.10 


CQ14.11 


CQ14.12 

CQ14.13 

CQ14.14 


sealed car than at the ceiling. The balloon will experience no buoyant 
force. You might equally well switch off gravity. In the freely falling 
elevator, everything is effectively "weightless," so the air does not 
exert a buoyant force on anything. 

(a) Yes. (b) Yes. (c) The buoyant force is a conservative force. It does 
positive work on an object moving upward in a fluid and an equal 
amount of negative work on the object moving down between the 
same two elevations. [Note that mechanical energy, K + U , is not 
conserved here because of viscous drag from the water.] Potential 
energy is not associated with the object on which the buoyant force 
acts, but with the system of objects interacting by the buoyant force. 
This system is the immersed object and the fluid. 

The metal is more dense than water. If the metal is sufficiently thin, it 
can float like a ship, with the lip of the dish above the water line. 
Most of the volume below the water line is filled with air. The mass 
of the dish divided by the volume of the part below the water line is 
just equal to the density of water. Placing a bar of soap into this space 
to replace the air raises the average density of the compound object 
and the density can become greater than that of water. The dish sinks 
with its cargo. 

Use a balance to determine its mass. Then partially fill a graduated 
cylinder with water. Immerse the rock in the water and determine 
the volume of water displaced. Divide the mass by the volume and 
you have the density. It may be more precise to hang the rock from a 
string, measure the force required to support it under water, and 
subtract to find the buoyant force. The buoyant force can be thought 
of as the weight of so many grams of water, which is that number of 
cubic centimeters of water, which is the volume of the submerged 
rock. This volume with the actual rock mass tells you its density. 

The diet drink fluid has no dissolved sugar, so its density is less than 
that of the regular drink. Try it. 

At lower elevation the water pressure is greater because pressure 
increases with increasing depth below the water surface in the 
reservoir (or water tower). The penthouse apartment is not so far 
below the water surface. The pressure behind a closed faucet is 
weaker there and the flow weaker from an open faucet. Your fire 
department likely has a record of the precise elevation of every fire 
hydrant. 

The boat floats higher in the ocean than in the inland lake. According 
to Archimedes's principle, the magnitude of buoyant force on the 
ship is equal to the weight of the water displaced by the ship. 

Because the density of salty ocean water is greater than fresh lake 
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CQ14.15 


CQ14.16 

CQ14.17 

CQ14.18 

CQ14.19 


water, less ocean water needs to be displaced to enable the ship to 
float. 

The ski jumper gives her body the shape of an airfoil. She deflects the 
air stream downward as it rushes past and the airstream deflects her 
upward by Newton's third law. The air exerts on her a lift force, 
giving her a higher and longer trajectory. 



When taking off into the wind, the increased airspeed over the wings 
gives a larger lifting force, enabling the pilot to take off in a shorter 
length of runway. 

A breeze from any direction speeds up to go over the mound and the 
air pressure drops. Air then flows through the burrow from the 
lower entrance to the upper entrance. 

(a) Since the velocity of the air in the right-hand section of the pipe 
is lower than that in the middle, the pressure is higher. 

(b) The equation that predicts the same pressure in the far right- 
and left-hand sections of the tube assumes laminar flow without 
viscosity. The equation also assumes the fluid is incompressible, 
but air is not. Also, the left-hand tube is open to the atmosphere 
while the right-hand tube is not. Internal friction will cause 
some loss of mechanical energy, and turbulence will also 
progressively reduce the pressure. If the pressure at the left 
were not lower than at the right, the flow would stop. 

The stored corn in the silo acts as a fluid: the greater the depth, the 
greater the pressure on the sides of the silo. The metal bands are 
placed closer, or doubled, at lower portions to provide more force to 
balance the force from the greater pressure. 
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SOLUTIONS TO END-OF-CHAPTER PROBLEMS 


Section 14.1 Pressure 


P14.1 


We shall assume that each chair leg supports one-fourth of the total 
weight so the normal force each leg exerts on the floor is n = mg /4. The 
pressure of each leg on the floor is then 


n _ mg/4 _ (95.0 kg)(9.80 m/s 2 ) 
Ae g 4^(0.500xl0- 2 m ) 2 


= |2.96xl0 6 Pal 


P14.2 


P14.3 


(a) If the particles in the nucleus are closely packed with negligible 
space between them, the average nuclear density should be 
approximately that of a proton or neutron. That is 

m proton _ m proton 3 (1.67 x 1CT 27 kg) 

Pnucleus A-on 4*r 3 /3~ 4^(lxl0- 15 m ) 3 
|~4xl0 17 kg/m 3 1 


(b) 


(a) 


The density of an atom is about 10 14 times greater than 
the density of iron and other common solids and liquids. 
This shows that an atom is mostly empty space. Liquids 
and solids, as well as gases, are mostly empty space. 


p _F _(50.0kg)(9.80m/s 2 ) 
A 7 T (o.500 x 10" 2 m) 2 


6.24xl0 6 N/m 2 


(b) 


The pressure from the heel might damage the vinyl floor 
covering. 


P14.4 The Earth's surface area is 4 kR 2 . The force pushing inward over this 
area amounts to 

This force is the weight of the air: 

F =mg=P„[4KR 2 ) 
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so, assuming g is everywhere the same, the mass of the air is 

P^R 1 ) 

m =— 5 -- 

8 

(l.013x 10 5 N/m 2 )[47r(6.37xl0 6 m) 2 ] 

“ 9.80 m/s 2 

= [527 x 10 18 kg | 

P14.5 The definition of density, p = m/V, is often most directly useful in the 
form m = pV. 

V =lwh so m =pV =p{twh 

Thus m =(19.3 x 10 3 kg/m 3 )(4.50 cm)(11.0 cm)(26.0 cm) 

=(19.3 xlO 3 kg/m 3 )(l 290 cm 3 )(l m 3 /10 6 cm 3 ) = |24.8kg| 


Section 15.2 Variation of Pressure with Depth 

P14.6 (a) Suppose the "vacuum cleaner" functions as a high-vacuum 

pump. The air below the brick will exert on it a lifting force 

F =PA =(l.013xlO 5 Pa)[^(l.43xl0“ 2 m) 2 ] = | 65.1 N | 

(b) The octopus can pull the bottom away from the top shell with a 
force that could be no larger than 

F =PA =(P 0 +pgh)A 

=[l.013xlO 5 Pa +(l030 kg/m 3 )(9.80 m/s 2 )(32.3 m)] 

x^(l.43xlO -2 m) 2 J 

F = | 275 N | 

P14.7 Assuming the spring obeys Hooke's law, the increase in force on the 
piston required to compress the spring an additional amount Ax is 

AF =F-F 0 ={P-P 0 )a =k( Ax) 

The gauge pressure at depth h beneath the surface of a fluid is 
P-P 0 =pgh 
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P14.8 


P14.9 


P14.10 


so we have 

pghA =k[ Ax) 
or the required depth is 
h =k(Ax)/pgA 

If k = 1 250 N/m, A = nd 2 /A, d = 1.20 x 10" 2 m, and the fluid is water 
(p = 1.00 x 10 3 kg/m 3 ), the depth required to compress the spring an 
additional Ax =0.750 x 10“ 2 m is 

h = |8.46 m] 

F F 

Since the pressure is the same on both sides, — =—, and 


in this case. 


15 000 N 
200 cm 2 


. h 

3.00 cm 2 


F g =(80.0 kg)(9.80 m/s 2 ) =784 N 


or F 2 = | 225 N| 


When the cup barely supports the student, the normal force of the 
ceiling is zero and the cup is in equilibrium. 

F g =F =PA =(l.013 x 10 5 Pa)A 



784 N 

1.013xl0 5 Pa 


=| 7.74 x 10 3 m 2 | 


The pressure on the bottom due to the water is P b =pgz =1.96 x 10 4 Pa. 

(a) The force exerted by the water on the bottom is then 

F b =P b A =(l.96xl0 4 Pa)(30.0 m)(l0.0 m) 

= | 5.88 xlO 6 N down | 

Pressure varies with depth. On a strip of height dz and length L, 
the force is dF = PdA =PLdz = pgzLdz, which gives the integral 

F =] pgz Uz ApgLh 2 =(| pghjlh =P„^A 

(b) On each end, 

F =P average A =(9.80xlO 3 Pa)(20.0 m 2 )= | 196 kN outward | 

(c) On the side, 

F =P average A =(9.80xlO 3 Pa)(60.0 m 2 )= | 588 kN outward | 
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P14.ll (a) At a depth of 27.5 m, the absolute pressure is 
P=P 0 +pgh =101.3 xlO 3 Pa 

+(l.00xl0 3 kg/ m 3 )(9.80 m/s 2 )(27.5 m) 
■^ fe.71xl(f Fa| 

(b) The inward force the water will exert on the window is 
F =PA =P(^) =(3.71x 10 5 Pa)^ 35 -° X 2 1(r2 ™ J 
= ^57xlO 4 N| 

P14.12 We imagine Superman can produce a perfect vacuum in the straw. 

Take point 1, at position y, = 0, to be at the water's surface and point 2, 
at position y 2 = length of straw, to be at the upper end of the straw. 
What is the greatest length of straw that will allow Superman to drink? 
Solve for y 2 : 

Pi +PgVi =P 2 +PgVi 

1.013 x 10 5 Pa + 0 = 0 + (10 3 kg/m 3 )(9.80 m/s 2 )y 2 
or y 2 = 10.3 m. 

The situation is impossible because the longest straw Superman can 
use and still get a drink is less than 12.0 m. 

*P14.13 The excess water pressure (over air pressure) halfway down is 
Pgauge =Pgh =(1000 kg/m 3 )(9.80 m/s 2 )(1.20 m) 

=1.18xlO 4 Pa 

The force on the wall due to the water is 

F =P gauge A =(l.l8xl0 4 Pa)(2.40 m)(9.60 m) 

= | 2.71xl0 5 N~[ 

horizontally toward the back of the hole. 

!f, P14.14 We first find the absolute pressure at the interface between oil and 
water: 

Pi =P 0 +PoiiA,i 

=1.013xlO 5 Pa+(700 kg/m 3 )(9.80 m/s 2 )(0.300 m) 

=1.03xlO 5 Pa 


or in part. 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole ( 




748 Fluid Mechanics 


This is the pressure at the top of the water. To find the absolute 
pressure at the bottom, we use 

P 2 =P, +Pwater^water 

=1.03 x 10 5 Pa +(l0 3 kg/m 3 )(9.80 m/s 2 )(0.200 m) 

= [T.05 x 10 5 Pa| 

P14.15 The air outside and water inside both 
exert atmospheric pressure, so only the 
excess water pressure pgh counts for the 
net force. Take a strip of hatch between 
depth h and h + dh.lt feels force 

dF =PdA =pgh[ 2.00 m )dh 

(a) The total force is 

2.00 m 

F=JdF = J pgh(2.00m)dh 

ft =1.00 m 

F =pg( 2.00 m)—I =(l 000 kg/m 3 )(9.80 m/ S 2 ) ^ 2 '° 0m ^ 

^ 11.00 m ^ 

x[(2.00m) 2 -(l.00m) 2 ] 

F = |29.4 kN (to the right)| 

(b) The lever arm of dF is the distance (h - 1.00 m) from hinge to 
strip: 

2.00 m 

Z=jdz= J pgh(2.00 m)(/z-1.00 m )dh 

ft =1.00 m 

[ 3 2 ~l 2 -00 m 

y-(l.00m)y I 

r =(l 000 kg/m 3 )(9.80 m/s 2 )(2.00 m)j^ 7 '°° ^ - 3 ’°° j 
t = | 16.3 kN • m counterclockwise | 

P14.16 The air outside and water inside both exert atmospheric pressure, so 
only the excess water pressure pgh counts for the net force. 

(a) At a distance y from the top of the water, take a strip of hatch 
between depth y and y + dy. It feels force 

dF = PdA = Pwdy = (pgyw)dy 


^ 2 . 0(1 


1.00 m 

T 


2.00 m 

ANS. FIG. P14.15 
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The total force is 

d 1 1 

F = J Pgwydy =—pgwy 2] \ dh =-pgw[d 2 - [d - hf] 

d-h z z 


F =^pgwh[ld-h) 


(b) The lever arm of dF is the distance [y - (d - h)] from hinge to strip: 

d d 

t = J pgwy[y-[d-h)]dy =pgw J [y 2 -y [d- h)\dy 

= P£E_[2d 3 -2[d-h) 3 -3[d-h)d 2 +3 [d-hf] 

=^-[ld 3 -3[d-h)d 2 +[d-hf] 

=^[2 d 3 - 3d 3 +3 d 2 h +d 3 - 3d 2 h +3 dh 2 - h 3 ] 

T =P^i[+ 3dh 2 -h 3 ] 


\r=-pgw 


dh 2 


-h 3 


!f 'P14.17 The fluid in the hydraulic jack is originally exerting the same pressure 
as the air outside. This pressure P 0 results in zero net force on either 
piston. For the equilibrium of piston 2 we require 

500 lb =(P-P,U =(P-Pokl^y^f 

Let F 1 represent the force the lever bar exerts on piston 1. Then 
similarly 


F ,=(P-P„V 


0.250 in. 


We ignore the weights of the pistons, sliding friction, and the slight 
difference in fluid pressure P due to the height difference between 
points 1 and 2. By division, 

fj _/ 0.250 in. j 2 ^ _500 lb 

500 lb \ 1.50 in. / ^ 1 36.0 
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We say the hydraulic lift has an ideal mechanical advantage of 36. 
Next for the lever bar we ignore weight and friction, assume 
equilibrium, and take torques about the fixed hinge. 

£t= 0 gives ^(2.00 in.)-F (12.0 in.) =0, or F =—. 

6 


The lever has an ideal mechanical advantage of 6. By substitution. 


.500 lb 
' 36-6 


12.31 lb | 


P14.18 The bell is uniformly compressed, so we can model it with any shape. 
We choose a sphere of diameter 3.00 m. 

The pressure on the ball is given by P =P atm +p w gh, so the change in 
pressure on the ball from when it is on the surface of the ocean to 
when it is at the bottom of the ocean is A P =p w gh. 

In addition. 


A P _-p w ghV _ 4np w ghr 3 

' B B 3 B 


where B is the bulk modulus. Substituting, 

4tt( l 030 kg/m 3 )(9.80 m/s 2 )(l 000 m)(l.50 m) 3 


3(l4.0xlO 10 Pa) 


AF =-1.02xlO -3 m 3 


From V =—nr 
3 

solve for dr: 


■> dV =4 nr 2 dr, we use r = 1.50 m, set dV = AV, and 


dr = -3.60 x 10 -5 m 

Therefore, the diameter decreases by 10.072 1 mm.| 


Section 14.3 Pressure Measurements 

P14.19 A drop of 20.0 mm of mercury is a pressure change of 

A P =pgAh =(l3.6xl0 3 kg/m 3 )(9.80 m/s 2 )(-20.0xlO" 3 m) 
=-2.66xlO 3 Pa 

P =P 0 +AP 0 =(1.013-0.026 6)xlO 5 Pa = |p.986x 10 5 pj 
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P14.20 


P14.21 


P14.22 


(a) P =P 0 +pgh and the gauge pressure is 

P-P 0 =pgh =(1 000 kg)(9.8 m/s 2 )(0.160 m) 

=| 1.57 kPa| =(l.57 x 10 3 Pa)f--1 

1 - 1 ' \ 1.013 x 10 5 Pa J 

= | 0.015 5 atm | 


It would lift a mercury column to height 


P-Pq 1 568 Pa ■ i 

pg (l3 600 kg/m 3 )(9.80 m/s 2 ) ^— 1 -^ 


(b) 


Blockage of the fluid within the spinal column or between 
the skull and the spinal column would prevent the fluid level 
from rising. 


(a) To find the height of the column of wine, we use 
P 0 =pgh 

then 




Pg 

1.013 x10 s Pa 

_ (o.984x 10 3 kg/ m 3 ) (9.80 m/s 2 ) 

= | 10.5 m | 


(b) 


No. The vacuum is not as good because 
some alcohol and water will evaporate. 

The equilibrium vapor pressures of alcohol 
and water are higher than the vapor pressure 
of mercury. 



ANS. FIG. P14.21 


(a) Using the definition of density, 
we have 



100 g 

(5.00 cm 2 )(l.OO g/cm 3 ) 

= | 20.0 cm | 
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(b) ANS. FIG. P14.22 (b) represents the situation after the water is 
added. A volume (A 2 h 2 ) of mercury has been displaced by water 
in the right tube. The additional volume of mercury now in the 
left tube is AJi. Since the total volume of mercury has not 
changed, 

A 2 h 2 =A 1 h or h 2 =—h [1] 

A 2 

At the level of the mercury-water interface in the right tube, we 
may write the absolute pressure as: 

P =P 0 +P wateI gK 

The pressure at this same level in the left tube is given by 

P =P 0 +P Hg g( h +K) = P 0 + PwateA 

which, using equation [1] above, reduces to 

p^ h [ 1+ f]=p^ h - 

7 PwateAo 

or h =- r wate w - r. 

Ph s (l +A 1 /A 2 ) 

Thus, the level of mercury has risen a distance of 
(l.OO g/cm 3 )(20.0 cm) 

”(l3.6 g/cm 3 )(l+10.0/5.00) 


| h =0.490 cm | above the original level. 

P14.23 (a) We can directly write the bottom pressure as P = P 0 + pgh, or we 

can say that the bottom of the tank must support the weight of the 
water: 

PA -P/ = m water g = pVg = pAhg 
which gives again 

P =p 0 + pgh 

The absolute pressure at depth h = 1.50 m is 

P =P 0 + pgh = 101.3 kPa + (1 000 kg/m 3 )(9.80 m/s 2 )(1.50 m) 
= [ll6 kPa| 
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(b) Now the bottom of the tank must support the weight of the whole 
contents. Before the people enter, P = 116 kPa. Afterwards, 

A 7t( 3.00 m) - 

P14.24 (a) We can directly write the bottom pressure as P = P 0 + pgh, or we 

can say that the bottom of the tank must support the weight of the 
water: 

PA -P/ = m water g = pVg = pAhg 
which gives again 


\F=p 0 + Pg h\ 

(b) Now, the bottom of the tank must support the weight of the 
whole contents: 

Pfi-PJ\= m water g + M g = p Vg + Mg = p Ahg + Mg 
and this gives 

P b = P 0 + phg + Mg/A 

Then 


A P=P b 



Section 14.4 Buoyant Forces and Archimedes's Principle 
P14.25 At equilibrium ^F =0 or F app +mg =B, 
where B is the buoyant force. 

The applied force is F app —B - mg, 
where B=v( p water ) g 

and m =Vp ball 

S °' F app =Vg (Pwater “ Pball ) (Pwater “ Pball ) : 

F app =|^(l.90xl0" 2 m) 3 (9.80 m/s 2 )(l0 3 kg/m 3 -84.0 kg/m 3 ) 

= [0258 N down | 

or m part. 
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P14.26 


P14.27 


Refer to Figure P14.26. We observe from the left-hand diagram, 
=0 -» T x =F g =rn obiect g =p object gV obj e Ct 

and from the right-hand diagram, 

£F y =0 -> T 2 +B =F g -» T 2 +B =T x 


which gives 

T 2 -T 1 =b 

where the buoyant force is 

B = m water 9 = Pw'/object 9 

Now the density of the object is 

ject _ T /g _ Pw T 1 
0bi6Ct ^object B/[ Pw g) B 

_ pj x _(l 000 kg/m 3 )(5.00 N) 

Pobject “ Ti _ 7 l.SO'N 

(a) We start with P =P 0 +pgh. 

Taking P 0 =1.013 xlO 5 N/m 2 , 

P water = 1 0^0 kg/ m3 / an d h = 5.00 cm, 
we find P top =1.017 9xl0 5 N/m 2 . 

For h = 17.0 cm, we get 

P bot =1.029 7 x 10 5 N/m 2 
Since the areas of the top and bottom are 
A =(0.100 m) 2 =10" 2 m 2 


=|3.33xl0 3 kg/m 3 1 



we find 


F» P =K r A = |l.Q17 9xl0 3 n! 

and F„„ = | 1.029 7xl0 3 n| . 

(b) The tension in the string is the scale reading: 

T=Mg-B 

where 

B =p w Vg =(l0 3 kg/m 3 )(l.20xl0“ 3 m 3 )(9.80 m/s 2 ) =11.8 N 
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and 

Mg =(l0.0 kg)(9.80 m/s 2 ) =98.0 N 
Therefore, 

T =Mg - B =98.0 N -11.8 N = |86.2N| 

(c) F bot - F top =(l.029 7-1.0179)x 10 3 N = | 11.8 N | 
which is equal to B found in part (b). 

P14.28 (a) The balloon is nearly in equilibrium: 

XF =ma => B - (f ) -(f) =0 

y y ' % 'helium ' & 'payload 

or p an gV - p he]]Um gV - m pay]oad g =0 

This reduces to 

^payload =(Pair “ Phelium ) V 

=(l.29 kg/m 3 -0.179 kg/m 3 )(400 m 3 ) 

^payload = | 444 k g | 

(b) Similarly, 

^payload ( Pair /^hydrogen ) ^ 

=(l.29 kg/m 3 -0.089 9 kg/m 3 )(400 m 3 ) 
w payload = | 480 kg | 

The surrounding air does the lifting, nearly the same for the two 
balloons. 

P14.29 (a) The cube has sides of length L . When floating, the horizontal top 

surface lies a distance h above the water's surface. The buoyant 
force supports the weight of the block: 

B =PwaterKbjectS =Pwater^ ~ k)g =P wood L 3 g 

Solve for h: 

h=L-L(p wood / p water ) =L(1 - p wood / p water ) 

=(20.0 cm)(l-0.650) = |7.00 cm| 

(b) The buoyant force supports the weight of both blocks: 

B =F,, +Mg, where M = mass of lead 

PwateA =P wood ^8 +M? “> M =(Pwater “ Pwood 


or in part. 
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M = (1.00 kg/m 3 - 0.650 kg/m 3 )(20.0 m) 3 = | 2.80 kg | 


P14.30 By Archimedes's principle, the weight of the 50 planes is equal to the 
weight of a horizontal slice of water 11.0 cm thick and circumscribed 
by the water line: 

AB =Pwater<?( Ay ) 

50(2.90xlO 4 kg)g =(l030 kg/m 3 )g(0.110m)A 


P14.31 


giving A = | 1.28 x 10 4 m 2 | . The acceleration of gravity does not affect 
the answer. 

(a) The buoyant force of glycerin supports the weight of the sphere 
which is supported by the buoyant force of water. 


B=P^J0.40V)= P , 


V 

2 


P glycerin 


P water _ 1 000 kg/m 3 

2(0.40) 080 


=1 250 kg/m 3 


(b) The buoyant force from the water supports the weight of the 
sphere: 


B =F 


g 


B =Pwaterf =Psphere^ 


Psphere = ^f L = 500 k g/ m3 

P14.32 Constant velocity implies zero acceleration, which means that the 
submersible is in equilibrium under the gravitational force, the 
upward buoyant force, and the upward resistance force: 

!F y =ma y =0: 

- (l.20 x 10 4 kg +m)g +p w gV +1100 N =0 

where m is the mass of the added water and V is the sphere's volume. 
Substituting, 

1.20xlO 4 kg +m 

=(l. 03 xlOUg/ m ’)[|,(l. 50 mF] + A^iL 
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so m = |2.67xl0 3 kg| . 


*P14.33 (a) While the system floats, B =w total =w block +w steel / or 

submerged =Pb/ V b +™ s teel/ 


When m steel =0.310 kg, y submerged =V b =5.24 xHT 1 m 3 giving 


n - PuMb-™ steel _ n ™steel 

Pfc- y, -Pu," y, 

=1.00 xlO 3 kg/m 3 - 0-310 3 

6/ 5.24x10 m 3 

=[408 kg/m 3 1 


P14.34 


(b) If the total weight of the block + steel system is reduced, by 
having m steel < 0.310 kg, a smaller buoyant force is needed to 
allow the system to float in equilibrium. [Thus, the block will) 
displace a smaller volume of water and will be only partially) 
submerged in the water.) 

(c) The block is fully submerged when m steel = 0.310 kg. The mass of 
the steel object can increase slightly above this value without 
causing it and the block to sink to the bottom. As the mass of the 
steel object is gradually increased above 0.310 kg, the steel object 
begins to submerge, displacing additional water, and providing a 
slight increase in the buoyant force. With a density of about eight 
times that of water, the steel object will be able to displace 
approximately 0.310 kg/8 = 0.039 kg of additional water before it 
becomes fully submerged. At this point, the steel object will have 
a mass of about 0.349 kg and will be unable to displace any 
additional water. Any further increase in the mass of the object 
causes it and the block to sink to the bottom. In conclusion, 

[the block +steel system will sink if m stee > 0.350 kg. | 

(a) =0: B-T-F g =0->B-15.0 N-10.0 N =0 


| B =25.0 N 


(b) The oil pushes | horizontally inward | on each side of the block. 


(c) The string tension increases. The water under the block pushes up 
on the block more strongly than before because the water is under 
higher pressure due to the weight of the oil above it. 
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(d) The pressure of the oil's weight on the water is P = p oil gh, where h 
is the height of the oil. This pressure is transmitted to the bottom 
of the block, so the extra upward force on the block is F oil = PA = 
p oil ghA = p oa gAV , where AV = hA is the volume of the block below 
the top surface of the oil. 

The force from the oil and the buoyant force of water balance the 
tension and the weight of the block: 

lF y =0: F 0 ii +B-T-F g =0 

F oil +25.0 N - 60.0 N -15.0 N =0 
foil =50.0 N 


The ratio of F oil and B are 

= Po*8 AV ^ AV - F “P f water 

B PwaterS^/ 4 ) V 45 Poll 

Ay 50.0 N 1 000 kg/m 3 
y ”4(25.0 N) 800 kg/m 3 

The additional fraction of the block's volume below the top 
surface of the oil is |62.5%.| 

P14.35 (a) Since the balloon is fully submerged in air, Z submerged = V b = 325 m 3 , 

and 

B=p aiI gV b =(l.20 kg/m 3 )(9.80 m/s 2 )(325 m 3 ) 

= [T82x 10 3 N| 

(b) £F y =B - w b - w He =B - m b g - p He gV b =B - (m b +p He V 

=3.82 xlO 3 N 

-[226kg+(0.179 kg/ m 3 )(325 m 3 )](9.80 m/s 2 ) 

= [~-f+04x 10 3 N| 

Since X-f y =ma y >0, a y will be positive (upward), and 
[the balloon rises | . 

(c) If the balloon and load are in equilibrium, 

Sfy =(B-W b -W He )- W load =0 
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P14.36 


P14.37 


and 

W load =( B - ~ W He ) =1 - 04 X 103 N 

Thus, the mass of the load is 

w, d 1.04 x 10 3 N 


g 9.80 m/s 2 


- = |1Q6 kg| 


Let A represent the horizontal cross-sectional area of the rod, which we 
presume to be constant. The rod is in equilibrium: 

I F y =0: - mg +B =0 =-p 0 V who]e rod g +p md V immeised g 

P 0 ALg=pA(L-h)g 
The density of the liquid is p = J^~J ■ 

We use the result of Problem 14.36. For the rod floating in a liquid of 
density 0.98 g/cm 3 , 

p=p °ih 

°' 98g/Cm3= (l4fai0 

(o.98 g/ cm 3 )L-( 0.98 g/cm 3 )0.2 cm =p 0 L 

For floating in the dense liquid, 

1.14 g/cm 3 =-. -^- 

6 (L-1.80 cm) 

(l.l4 g/cm 3 )l- (l.l4 g/cm 3 )(l.80 cm) =p 0 L 

(a) By substitution, and suppressing units, 

1.14L-1.14(1.80) =0.98L-0.200 (0.98) 

0.16L =1.856 


L = | 11.6 cm~| 

(b) Substituting back, 

(o.98 g/ cm 3 )(ll.6 cm-0.200 cm) =p 0 (ll.6 cm) 


p 0 = 0.963 g/cm 3 


(c) | No; the density p is not linear in h. | 


or in part. 
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P14.38 


P14.39 


(a) 


(b) 


We can estimate the total buoyant force of the 600 toy balloons as 
B„,,=600 B =600(p ajr gV ba | lo<m ) 

balloon 

= 600 [p^(fr*)] 

=600 1.20 kg/m 3 )(9.80 m/s 2 )^(0.50 m) 3 j 
=3.7 xlO 3 N= r3.7kN| 

We estimate the net upward force by applying Newton's second 
law in the vertical direction: 


S ® total ^ total? 

=3.7xlO 3 N-600(0.30 kg)(9.8 m/s 2 ) 


=1.9xl0 3 N= |l.9kN| 


(c) 


This net force was sufficient to lift Ashpole, his parachute, and 
other supplies. 

Atmospheric pressure at this high altitude is much lower than at| 
Earth's surface |, so the balloons expanded and eventually burst. 


We assume that the mass of the balloon envelope is included in the 
400 kg. We assume that the 400-kg total load is much denser than air 
and so has negligible volume compared to the helium. At Z = 8 000 m, 
the density of air is 


Pair =Po e ~ z/8 °°° =(1-20 kg/m 3 )e _1 
=(1.20 kg/m 3 )(0.368) 

=0.441 kg/m 3 


Think of the balloon reaching equilibrium at this height. The weight of 
its payload is M g = (400 kg)(9.80 m/s 2 ) = 3 920 N. The weight of the 
helium in it is mg = p He V g. 

IF,=0 -> +P*,Vg-Mg-p H 'Vg =0 

Solving, 

(Pair-PHe)^ =M 

and 


M 


400 kg 


Pair-PHe (0.441 - 0.179) kg/m 3 


r = 1.52xlO 3 m 3 
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Section 14.5 Fluid Dynamics 

Section 14.6 Bernoulli's Equation 

P14.40 (a) The cross-sectional area of the hose is 

A =nr 2 =nd 2 / 4 =n (2.74 cm) 2 / 4 
and the volume flow rate (volume per unit time) is 
Av = 25.0 L/1.50 min 
Thus, 

_ 25.0 L/1.50 min 


f 25.0 \ ] 

4 

f 1 jxdrf) 

f 10 3 cm 3 

^1.50 jnifi J 

n (2.74f cm 2 _ 

{ 60s J 

l 1X J 


=(47 - 1 



Then from the equation of continuity, A 2 v 2 =A 1 v 1 , we find 


v 2 



v x =9(0.471 m/s) = |4.24 m/s] 


P14.41 Assuming the top is open to the atmosphere, then 

P =P 
x i x o 


Note P 2 =P Q . The water pushes on the air just as hard as the air pushes 
on the water. 

Flowrate =2.50 xlO” 3 m 3 /min =4.17 xlO -5 m 3 /s 
(a) A 1 »A 2 so v x «v 2 
Assuming v x =0, 


Pi+^+PSVi =P 2 + L f+Pg}/2 

v 2 =^2gy x =^2(9.80 m/s 2 )(l6.0 m) = | 17.7 m7s~| 

(b) Flowrate =A 2 v 2 =f^-l(l7.7 m/s) =4.17xlO -5 m 3 /s 


d = 1.73 x 10“ 3 m =1.73 mm 
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P14.42 


P14.43 


(a) The mass flow rate and the volume flow rate are constant: 
pA 1 v 1 =pA 2 v 2 —> jrr 2 v 1 =n r 2 v 2 
Substituting, 

(3.00 cm) 2 i)j =(1.50 cm) 2 v 2 -> v 2 =4v 1 
For ideal flow, 

p i +PgVi +\pv i =P 2 +pgy 2 +\pv\ 

1.75xlO 4 Pa+0+|(l000 kg/m 3 )^) 2 

=1.20 xlO 4 Pa +(1000)(9.8)(0.250) Pa 

+|(l000 kg/m 3 )(4u 1 ) 2 

Solving for V x gives 


3 050 Pa 


H =| 0.638 m/s | 


y 7 500 kg/m : 

(b) From part (a), we have 

v 2 = Av 1 = 12.55 m/s| 

(c) The volume flow rate is 

nr 2 v x =tt( 0.030 0 m) 2 (0.638 m/s) = |l.80x!0~ 3 m 3 /s| 

The volume flow rate is 

Ay 125 cm 3 ^ 3/ , 

-=-=7.67 cm /s =Av x 

At 16.3 s ' 

where d = 0.96 cm and A =nr 2 =0.724 cm 2 . The speed at the top of the 
falling column is 

_AV/At _7.67 cm 3 /s _ 


1 A 0.724 cm 3 
Take point 2 at 13 cm below: 


- =10.6 cm/s 


P i +Pgy i +\pv i = p 2 +pgy 2 +\pv 2 
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P 0 +(1000 kg/m 3 )(9.80 m/s 2 )0.130 m 

+|(lOOO kg/m 3 )(o. 106 m/s) 2 
=P„+0+±(l000 kg/m 3 )v 2 2 


solving for the velocity gives 


=^2(9.80 m/s 2 )(0.130 m) +(0.106 m/s) 2 =1.60 m/s 


The volume flow rate is constant: 



d = | 0.247 cm~ 


P14.44 Take point © at the free surface of the water in the 
tank and © inside the nozzle. 

(a) With the cork in place. 




ANS. FIG. P14.44 


becomes 


P 0 +(l 000 kg/m 3 )(9.80 m/s 2 )(7.50 m) +0 =P 2 +0 +0 
P 2 - P 0 =7.35 x 10 4 Pa 
For the stopper, 

IF, =0 

F water - F lir - / =0 
P 2 A-P 0 A =f 

f =(7.35 x 10 4 Pa);r(0.011 0 m) 2 = | 27.9 N | 

(b) Now Bernoulli's equation gives 

P 0 +7.35 x 10 4 Pa +0 =F 0 +0 +|(l 000 kg/m 3 )u 2 
v 2 =12.1 m/s 
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P14.45 


The quantity leaving the nozzle in 2 h is 
pV =pAv 2 t 

=(l 000 kg/m 3 )^:(0.0110m) 2 (12.1 m/s)(7 200 s) 
= | 3.32 x 10 4 kg | 

(c) Take point 1 in the wide hose and 2 just outside the nozzle. 
Applying the continuity equation: 



v i 


12.1 m/s 
9 


=1.35 m/s 


(12.1 m/s) 


Pi +pgy i +\pv i =p 2 +pgy 2 +\pv 2 2 

P, +0 +^(l000 kg/m 3 )(l.35 m/s) 2 

=P 0 +0 +^(l 000 kg/m 3 )(l2.1 m/s) 2 

P t - P 0 =7.35 x 10 4 Pa - 9.07 x 10 2 Pa ^7.26 xlO 4 Pal 

(a) Between sea surface and clogged hole: 

1 1 
Pi +~pv i 2 +pgyi = P 2 +-pv 2 +pgy 2 

1 atm +0 +(l 030 kg/m 3 )(9.80 m/s 2 )(2.00 m) =P 2 +0 +0 
P 2 =1 atm +20.2 kPa 

The air on the back of his hand pushes opposite the water, so the 
net force on his hand is 


F =PA =(20.2xlO 3 N/m 2 )(^j(l.2xl0“ 2 m f 

F = |2.28 Nl toward Holland 
(b) Now, Bernoulli's equation gives 

1 atm +0 +20.2 kPa =1 atm +^(l 030 kg/m 3 )^ +0 
v 2 =6.26 m/s 
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P14.46 


P14.47 


P14.48 


The volume rate of flow is 

A 2 v 2 =^(l.2 x 10“ 2 m) 2 (6.26 m/s) =7.08 x 10" 4 m 3 /s 
One acre-foot is 4 047 m 2 x 0.304 8 m =1234 m 3 . 

ReqUiling 7.08 x 2 1 3 0-^,V S = l 174 ^ 5 = 20 - 2 ^ 

(a) Power is the rate of energy flow as a function of time: 

p= AE = AmghjAm\ 

At At { At J 5 5 

(b) The power delivered by the Grand Coulee dam is 

P EL =0.85(8.50 xlO 5 kg/s)(9.80 m/s 2 )(87.0 m) = | 616 MW | 

(a) The cross-sectinal area is the same everywhere, so the speed is the 
same everywhere: 

[p +\pv 2 +pgy^j =(p +\pv 2 +pgy^j 

P +0 +pg(564 m) =1 atm +0 +pg (2 096 m) 

P =1 atm +(l 000 kg/m 3 )(9.80 m/s 2 )(l 532 m) 

= | 1 atm +15.0 MPa | 

(b) The volume flow rate is 4 500 m 3 /d =Av V . 

v =(4 500 m 3 /d)f ld I ^ =1 2.95 m/s I 

' A86 400 s/^tt (0.150 m) J 1 - 1 

(a) The volume flow rate is the same at the two points: A 1 v 1 = A 2 v 2 . 

7t[ 1 cm) 2 ^ =7 t(0.5 cm) 2 u 2 v 2 =4v 1 

We assume the tubes are at the same elevation: 

p i +\pv 1 +pgy\ =P 2 +|pu 2 +pgy 2 
P 1 -P 2 =AP =^-p(4u 1 ) 2 +0 -ipu 2 
AP =^(850 kg/m 3 ) 15u 2 
v x =(0.012 5 m/s)VAP 
where the pressure is in pascals. 
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The volume flow rate is 

7r(0.01 m) 2 (0.0125 m/s)VAP 

= 1(3.93x10^ m 3 / s) VAP, where AP is in pascals | 

(b) For AP =6.00 kPa, 

(3.93xlO -6 m 3 /s)V6 000 Pa = |0.305 L/s| 

(c) With pressure difference 2 times larger, the flow rate is larger by 
the square root of 2: 

V2 (0.305 L/s) = |0.431 L/s| 

P14.49 (a) Since the tube is horizontal, y 1 = y 2 and the 

gravity terms in Bernoulli's equation 
cancel, leaving 

p i +\pv 1 =P 2 +\pvl 

or 

, , 2(P-P 2 ) 2(l.20xlO 3 Pa) 

^ p 7.00xlO 2 kg/m 3 

and 

vl~v\ =3.43 m 2 /s 2 [1] 

From the continuity equation, A l V 1 = A 2 V 2 , we find 



or 

v 2 =4v 1 [2] 

Substituting equation [2] into [1] yields 15i^ =3.43 m 2 /s 2 and 
v 1 = 0.478 m/s 
Then, equation [2] gives 

u 2 =4(0.478 m/s) = | 1.91 m/s| 



ANS. FIG. P14.49 
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P14.50 


(b) The volume flow rate is 

A 1 v 1 =A 2 v 2 =[k r 2 )v 2 =k[ 1.20 xlO -2 m) 2 (l.91 m/s) 


=|8.64x10 4 m 3 /s| 


(a) For upward flight of a water-drop projectile from geyser vent to 
fountain-top, v 2 yf =v yi +2a y Ay. 

Then 0 =v 2 +2(-9.80 m/s 2 )(■440.0 m) and v t = |28.0 m/s| . 

(b) Between geyser vent and fountain-top: 

Pi +\pv\ +PgVt =P 2 +^pv 2 2 +pgy 2 


Air is so low in density that very nearly P l =P 2 =1 atm. Then, 
^ v 2 +0 =0 +(9.80 m/s 2 )(40.0 m) 
v x = |28.0 m/s] 


(c) 


The answers agree precisely. The models are consistent with 
each other. 


(d) Between the chamber and the fountain-top: 

Pi +\pv\ +PgVt =P 2 +^pv 2 2 +pgy 2 

P, +0 +(l 000 kg/m 3 )(9.80 m/s 2 )(-175 m) 

=P 0 +0+(l000 kg/m 3 )(9.80 m/s 2 )(-(40.0 m) 

Pi-Po =(l 000 kg/ m 3 )(9.80 m/s 2 )(215 m) = | 2.11 MPa | 


Section 14.7 Other Applications of Fluid Dynamics 

P14.51 The assumption of incompressibility is surely unrealistic, but allows an 
estimate of the speed. From Bernoulli's equation, 

p i +pgyi +\pv i =p 2 +pgy 2 +\p v 2 

1.00 atm +0 +0 =0.287 atm +0 +|(l.20 kg/m 3 )y 2 


or in part. 
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P14.52 


P14.53 


P14.54 


solving for the velocity gives 

_ |2(l.00-0.287)(l.013xl0 5 N/m 2 ) _r 

Vl ~]j 1.20 kg/m 3 L 

(a) Force balance requires that 

Mg = [P 1 ~P 2 )a 

(l6 000 kg)(9.80 m/s 2 


347 m/s 


2(40.0 m 2 ) 


- =7.00 x 10 Pa-P, 


P 2 =7.0 x 10 4 Pa - 0.196 x 10 4 Pa = [ 6.80 xlO 4 Pa | 


(b) 



(b) Again, from Bernoulli's equation, 

p +pgy +\p v I = p o +° +\p v I 

Since v 2 —v 3 , 
p =p o - pgy 

Since P > 2.3 kPa, the greatest possible siphon height is given by 
P n -P 1.013xl0 5 Pa-2.30xlO 3 Pa 


y*- 


pg (lO 3 kg/ m 3 )(9.80 m/s 2 ’ 


- = | 10.1 m | 


Take points 1 and 2 in the air just inside and outside the window pane. 

1 2 1 2 

p i +2 pr + psv 1 = p 2 +2 pr +pgy 2 

P 0 +0 =P 2 +i(l.20 kg/m 3 )(ll.2 m/s) 2 P 2 =P 0 - 75.3 Pa 
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(a) The total force exerted by the air is outward, 

P } A-P 2 A =P 0 A-P 0 A +(75.3 N/m 2 )(4.00 m)(l.50 m) 

= |452 Noutward) 

(b) P X A-P 2 A =^pv 2 2 A =i(l.20 kg/m 3 )(22.4 m/s) 2 (4.00 m)(l.50 m) 

= | 1.81 kN outward"] 

In the reservoir, the gauge pressure is 

An 2.00 N A 

2.50 x 10~ 5 m 2 
=8.00 x 10 4 Pa J 
From the equation of 
continuity, we have 
A 1 v 1 =A 2 v 2 

(2.50x!0~ 5 m 2 )^ =(l.00xlO' 8 m 2 )u 2 so v x =(4.00xl0“*)o 2 


ANS. FIG. P14.55 


Thus, v\ is negligible in comparison to v \. In Bernoulli's equation, 

(P, - P 2 ) +-^pv\ +Pgy 1 =^pv\ +pgy 2 , the term in v\ is essentially zero 
and the terms in y x and y 2 cancel each other. Then, 


2(Pi~P 2 ) 
P 


r=i 


'2(8.00xlO 4 Pa) 
1000 kg/m 3 


=| 12.6 m/s | 


Additional Problems 

sf 'P14.56 The water exerts a buoyant force on the air, given by 
B =P^gV =(1000 kg/m s )(9.80 m/s 2 )(10.0 
=98.0 N up 
The weight of the air is 

F g =pgV =(2.40 kg/m 3 )(9.80 m/s 2 )(l0.0x 10“ 3 m 3 ) 
=0.235 N down 

To transport the air down at constant speed requires a downward 
force D in +98.0 N - 0.235 N - D = 0, D = 97.8 N, and work 

W =D d =(97.8 N)(10.3 m) cos 0° = |l.01kj| 
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P14.57 (a) At a depth of 1 000 m, 

P=P o +p g h= 1.013 x10 s Pa 

+(l 030 kg/m 3 )(9.80 m/s ! )(l 000 m) 

P= ri.02xl0 7 Pa| 

(b) The buoyant force on the submarine at this depth is 

B =pgV =pg^nr 3 =(l 030 kg/m 3 )(9.80 m/s 2 )^(2.50 m) 3 
= [6.61 xlO 5 N| 

P14.58 The pressure on the surface of the two hemispheres is constant at all 
points, and the force on each element of 
surface area is directed along the radius of the 
hemispheres. The applied force along the axis 
must balance the force on the "effective" area, 
which is the projection of the actual surface 
onto a plane perpendicular to the X axis, 

A =nR 2 . Therefore, 

f= |(Pq-p)*R z | 

P14.59 (a) The weight of the ball must be equal to the buoyant force of the 

water: 



ANS. FIG. P14.58 


(b) 


1-26 kg y =p water -< uter y 


3x1.26 kg 


4 k 1 000 kg/m 3 

The mass of the ball is determined by the density of aluminum: 
™=Pm V =Pai[|^o-|^ 3 


1.26 kg =2700 kg/m 3 ^j((0.067 mf -r 3 ) 
1.11 x lO^ 4 m 3 =3.01 x 10- 4 m 3 - r 3 
r =(l.89xl0“* m 3 ) l/3 = | 5.74 cm | 
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P14.60 (a) | A particle in equilibrium model | 

(b) When the balloon comes into equilibrium, we must have 

|EF,=B-f„-F H .-f,=0| 

where B is the buoyant force, F b the weight of the balloon, F He the 
weight of the helium, and F s the weight of the segment of string 
above the ground. 

(c) Write expressions for each of the terms in the force equation: 

4 

B= P^ v S = P aiI ^ r3 g 
F b =™ b g 

F He =Pne V 8 =Pne\™ 3 g 

and F q =m q g: where m. =m— 

S s t 

Therefore, we have 

Pair^/ PneV# ~ =0 


OT m s = (Pair-P H e) y -^ 


s=(p ai r-pHe)^ r2 ~ n 


(d) 


m s -[(1.20 - 0.179) kg/m 3 ]^(0.400 m) 3 j- 0.250 kg 
= 10.023 71^] 


(e) 



h 



m 


= (2.00 m) 


0.023 7 kg 
0.050 0 kg 


= 10.948 m| 


P14.61 Consider the diagram in ANS. FIG. P14.61 and apply Bernoulli's 
equation to points A and B, taking y = 0 at the level of point B, and 
recognizing that V A is approximately zero. This gives: 

p a + \pA®) 2 +P«,g[h-LsmO) =P B +±p w vl +p w g( 0) 


Now, recognize that P A =P B =P ltmoS phere since both points are open to 
the atmosphere (neglecting variation of atmospheric pressure with 
altitude). Thus, we obtain 

v B =yl2g(h-Lsmd) 


or in part. 
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Now the problem reduces to one of projectile motion with = l/ B sin 6. 
Then using, v 2 f =v 2 yi +2a(Ay), where y =y max ,v yf =0, and d = -g, we 
find 

0-v 2 -v 2 sin 2 6 [2g(/z-Lsin0)]sin 2 0 

- 2 ( ,)- % - 

Ay —(h-Lsm6)sin 2 6 

Ay =[l0.0 m-(2.00 m)sin30.0°]sin 2 30.0° 

i/max = 2.25 m (above the level where the water emerges) 



P14.62 The "balanced" condition is one in which the apparent weight of the 
body equals the apparent weight of the weights. This condition can be 
written as 

F g -B =F'-B' 

where B and B' are the buoyant forces on the body and weights, 
respectively. The buoyant force experienced by an object of volume V 
in air equals 

Buoyant force =( Volume of object) p m g 
so we have B =Vp ak g and 
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P14.63 Assume u jnsjde ~ 0. From Bernoulli's equation, 

P +0 +0 =1 atm +i(l 000 kg/m 3 )(30.0 m/s) 2 

+(l 000 kg/m 3 )(9.80 m/s 2 )(0.500 m) 
P gauge =P -1 atm =4.50 x 10 5 Pa +4.90 x 10 3 Pa 
= | 455 kPa | 

P14.64 Let the ball be released at point 1, enter the liquid at point 2, attain 
maximum depth at point 3, and pop through the surface on the way 
up at point 4. 

(a) Energy conservation for the fall through the air: 

K. +IL =K f +U f 

0+mgy, =hnv 2 2 

v 2 =^2 ~gy[ =^2(9.80 m/s 2 )(3.30m) ^ g.04m/s| 

(b) [The gravitational force and the buoyant force.| 

The gravitational force is 

mg = (2.10 kg) (9.80 N/kg) = 20.6 N down 
and the buoyant force is 

™ md g =p flU i d Kbject£ =P flU id( 4 /3W 3 g 

=(l 230 kg/m 3 )(4^/3)(0.090 0 m) 3 (9.80 m/s 2 ) 
=36.8 N up 

(c) The buoyant force is greater than the gravitational force. 

The net upward force on the ball brings its downward motion to 
a stop. 

We choose to use the work-kinetic energy theorem. 

+F net ■ Ay =^mv 2 3 

|(2.10 kg)(8.04 m/s) 2 +(36.8 N-20.6 N)(-Ay) =0 
Ay =67.9 J/16.2 N = |4.18m| 


or in part. 
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P14.65 


(d) The same net force acts on the ball over the same distance as it 
moves down and as it moves up, to produce the same speed 
change. Thus v 4 = |8.04 m/s| . 


(e) 

(f) 


[The time intervals are equal] , because the ball moves with the 
same range of speeds over equal distance intervals. 

With friction present, Af down is less than Af up . The magnitude 
of the ball's acceleration on the way down is greater than its 
acceleration on the way up. The two motions cover equal 
distances and both have zero speed at one end point, so the 
downward trip with larger-magnitude acceleration must take 
less time. 


At equilibrium, X F y =0: B - F spring - F gr He - F ? _ balloon =0 
giving F spring =kL =B - (m He +m balloon )g 

But B = weight of displaced air =p air Vg 


and m He =p H V 

Therefore, we have kL =p ai Vg - p He Vg - m baSoorx g 
k s 

From the data given, 

_[(1.20-0.179) kg/m 3 ](5.00 m 3 )-2.0Q X lQ- 3 leg , 2 , 

90.0 N/m 1 ‘ m/S ' 

Thus, this gives [l =0.556 m.| 
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*P14.66 Consider spherical balloons of radius 12.5 cm containing helium at STP 
and immersed in air at 0°C and 1 atm. If the rubber envelope has mass 
5.00 g, the upward force on each is 

F u P =B - F gi He - Fg, e nv =P eb Vg - P He Vg ~ Vtl^g 
F u V =[p ai r~ Pue^^g-^g 

F up =[(1.29-0.179) kg/m 3 ]^|^r(0.125 m) 3 J(9.80 m/s 2 ) 

- (5.00x 10~ 3 kg)(9.80 m/s 2 ) =0.0401 N 
If your weight (including harness, strings, and submarine sandwich) is 
70.0 kg(9.80 m/s 2 ) =686 N 


you need this many balloons: 


686 N 
0.040 1 N 


=17 000 |~10 4 | 


P14.67 The buoyant force B supports the weights of the raft and the boy. 

Using M = mass of boy, V = volume of raft, p st = density of Styrofoam, 
and p w = density of water, and the volume of the raft is 

V = (1.00 m)(1.00 m)(0.050 m) = 0.050 m 3 
From Newton's second law, 

£F y =0: B-Mg-p st gV= 0 -> p w gV-Mg-p si gV = 0 
Solving for p st we get 


Pst =Pw - y =1 000 kg/m 3 - [ 


42.0 kg ^ = [ 
0.050 0 m 3 


= 160 kg/m 3 


!f 'P14.68 (a) The blood flowing through the artery is similar to water flowing 

through a pipe. We substitute numerical values into the equation 
for the Reynolds number: 

(l.06 x 10 3 kg/m 3 )(6.70 x 10 -2 m/s)(3.00x 10 -2 m) 

Re =-5- 

3.00 x 10 Pa • s 

=710 


Because this result is less than 2 300, the flow is laminar. 

(b) Denote the situation in part (a) using subscripts 1. In the 

expression for the Reynolds number for the capillary, which we 
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denote as situation 2, incorporate the continuity equation for 
fluids as the blood flows into the smaller blood vessel: 



P H n tir 2 


Solve the resulting equation for the radius of the capillary: 

2 pur, 2 

r2 = W^) 

Substitute numerical values, including a Reynolds number 
representing turbulent flow: 

_ 2(l.06 x 10 3 kg/m 3 )(6.70 x 10“ 2 m/s)(l.50x 10~ 2 m) 2 
h (3.00 x lO' 3 Pa • s)(4 000) 

= [Z66 x IQ' 3 m| 


(c) 


The situation in the human body is not represented by a 
large artery feeding into a single capillary as in part (b). 

The artery branches into smaller vessels and eventually 
into approximately 10 billion capillaries. Even though the 
radius of each capillary is very small, the overall area through 
which the blood flows in all the capillaries is larger than the 
area of the artery in part (a). Consequently, in the expression 
for the Reynolds number, both the speed of the blood and the 
diameter is very small for each capillary, representing a very 
low value for the Reynolds number and, consequently, laminar 
flow. 


P14.69 (a) P =pgh gives 1.013xlO 5 Pa =(l.29 kg/m 3 )(9.80 m/s 2 )h. 

h= |8.01km] 

(b) For Mt. Everest, 29 300 ft = 8.88 km, | Yes | . 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or 




Chapter 14 777 


P14.70 


P14.71 


(a) The torque is 

r = J dx = J rdF 
From ANS. FIG. P14.70, 

H 

*=Ji t[pg[H-y)zvdy] = 


—pgwH 3 


(b) The total force is given as —pgwH . 

If this were applied at a height y ^ such that 
the torque remains unchanged, we have 


-pgwH 3 


=y # [|p^H 2 ] 



ANS. FIG. P14.70 


and 


>=\ H 


Looking first at the top scale and the iron block, we have 


T+B =F /jron 

where T is the tension in the spring scale, B is the buoyant force, and 
F g iron is the weight of the iron block. Now if m kon is the mass of the 
iron block, we have 


m kon = Piron^ 

T7 _ m iron _T7 

SO V— p ^displaced oil 

Then, B =p ol] V imn g 
Therefore, 


-pok V kon§ =™,rong ~ Pod " 


T =^l--^j miion g 

={ 1- 916 kg/m 3 1(2.00 kg)(9.80 m/s 2 ) 
^ 7 860 kg/m 3 J' 6A 1 

= | 17.3 N | 
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P14.72 


P14.73 


Next, we look at the bottom scale which reads n (i.e., exerts an upward 
normal force n on the system). Consider the external vertical forces 
acting on the beaker-oil-iron combination. 

£F y =0 gives 


« =(Wbeaker + ^oil + ^iron)^-F =(5.00 kg)(9.80 m/ S 2 )-17.3 N 
Thus, | n =31.7 N~| is the lower scale reading. 

Looking at the top scale and the iron block: 


T +B =F ?< Fe , where 


B =Po V Ve8 =Po 



8 


is the buoyant force exerted on the iron block by the oil. 
Thus, T =F g Fe - B =m Ve g - Po ^ jg. 


Pve , 


M Ve8 


is the reading on the top scale. 


Now, consider the bottom scale, which exerts an upward force of n on 
the beaker-oil-iron combination. 


IF, =0: 

T +n - F gbeaker - F gojl - F gfe =0 
n ={m b +m 0 +m Fe )g - T 

n =(m b +m 0 +m F Jg-^l--^m Fe g 

or the reading of the bottom scale is 



/ X 



n = 

m b +m 0 + — 

^Fe 

8 


IPFeJ 




Let f represent the fraction of the volume V occupied by zinc in the 
new coin. We have m = pV for both coins: 

3.083 g =(8.920 g/cm 3 )V 

and 2.517 g =(7.133 g/cm 3 )(fV ) +(8.920 g/cm 3 )(1 - f)V 
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*P14.74 


P14.75 


By substitution, 

2.517 g =(7.133 g/cm 3 )fV +3.083 g-(8.920 g/cm 3 )/V 
3.083 g-2.517 g 
7 8.920 g/cm 3 -7.133 g/cm 3 


and again substituting to eliminate the volume. 


0.566 g f 8.920 g/cm 3 ^ 
7 1.787 g/cm 3 [ 3.083 g J 


=0.916 4 = [91.64% | 


Let ^ represent the length below water at equilibrium and M the 
tube's mass: 


=0 gives -Mg +pnr 2 £g =0 

Now with any excursion X from equilibrium: 

-Mg +pnr 2 [£-x)g =Ma 
Subtracting the equilibrium equation gives: 

-pnr 2 gx =Ma 



The opposite direction and direct proportionality of a to X imply SHM 
with angular frequency 

.JaS 

V M 



This is the normal force exerted on the brake shoe. The frictional force 
is 

f = p k n = 0.50(156 N) = 78 N 

and the torque is r =/• r dium =(78 n)(o. 34 m) = | 27 N • rnj . 
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*P14.76 (a) Since the upward buoyant force is balanced by the weight of the 

sphere, 

”hg =pVg =p[^n R3 )g 

In this problem, p =0.789 45 g/cm 3 at 20.0°C, and R = 1.00 cm, so 
we find 

m, =p(|ttR 3 ) =<0.789 45 g/cm 3 )|jjr(1.00 cm)'j 
= | 3.307 g | 

(b) Following the same procedure as in part (a), with 
p' =0.780 97 g/cm 3 at 30.0°C, we find 

hi, =p'(|)rR 3 ) =(0.780 97 g/cm 3 )[|)t(1.00 cm) 3 j 

= | 3.271 g | 

(c) When the first sphere is resting on the bottom of the tube, 
n +B =F gl =m 1 g, where n is the normal force. 

Since B =p'Vg, 
n=m x g-p'Vg 

=^3.307 g-(0.780 97 g/cm 3 )|;r(l.00 cm) 3 J(980 cm/s 2 ) 
n =34.8 g • cm/s 2 = |3.48xhT 4 n] 

P14.77 The disk (mass M =10.0 kg, radius R = 0.250 m) has moment of inertia 

I =—MR 2 . The disk slows from ft), =300 rev/min to co f =0 in time 
2 1 
interval At =60.0 s. Its angular acceleration is 


_A co _(o f -(o i 
~ At ~ At ~ At 

Frictional torque from the brake pad slows the wheel. Friction has 
moment arm d = 0.220 m. The relation between friction and angular 
acceleration is 

I - MR2 r-r, 
lT=Ia: -fd =Ia ^/=--a=*JaL(^ 

_ MR 2 o) l 
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P14.78 


The normal force and coefficient of friction (p k =0.500) between the 
brake pad and the disk determine the amount of friction. We can write 
an expression for the normal force: 


f=V k n 


_f _MR 2 co i 

_ 2/4dAf 


The pressure of the brake fluid acting on a piston of area A (diameter 
D = 5.00 cm, radius r = D /2 = 0.0250 m) produces the normal force that 
the brake pad exerts on the disk. The pressure in the brake fluid is 


n MR 2 co i 
nr 2 (2p k dAt)nr 2 


(10.0 kg)(0.250 Yj£fY| 

p_ |_V mm A 1 rev A60.0s/_ 

2(0.500)(0.220 m)(60.0 s)tt( 0.0250 m) 2 

= | 758 Pa| 

(a) Since the pistol is fired horizontally, the emerging water stream 
has initial velocity components of (v 0x =v nozzle ,v 0y =0). Then, 

Ay =v 0y t +^a y t 2 , with a y = -g, gives the time of flight as 



2 (-1.50 m) 
’\-9.80 m/s 2 


= |0.553 s| 


(b) With a x = 0, and l/ 0x = l/ nozzle , the horizontal range of the emergent 
stream is Ax =v nozzle t, where t is the time of flight from above. 
Thus, the speed of the water emerging from the nozzle is 


^nozzle 


Ax _8.00 m 
t 0.553 s 


114.5 m/s] 


(c) From the equation of continuity, A X \/ X =A 2 V 2> the speed of the 
water in the larger cylinder is v x =(A 2 /A 1 )v 2 =(A 2 /A 1 )v nozzle , or 



=| 0.145 m/s | 


/1.00 mm V 
V 10.0 mm J 


(l4.5 m/s) 


(d) The pressure at the nozzle is atmospheric pressure, or 
| P 2 =1.013 xlO 5 Pa| . 


or in part. 
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(e) With the two cylinders horizontal, y x = y 2 and gravity terms from 
Bernoulli's equation can be neglected, leaving 

p i +\pX = p 2 +\p«P 2 

so the needed pressure in the larger cylinder is 



=1.013 xlO 5 Pa 


l.OOxlO 3 kg/m 3 r/. . \i . \2i 

+--—e/-^(14.5 m / s ] -(0.145 m/s) J 

or 

P x = |2.06xl0 5 Pa] 

(f) To create an overpressure of A P =2.06 x 10 5 Pa =1.05 x 10 5 Pa in 
the larger cylinder, the force that must be exerted on the piston is 
F x =(ap)a i =(A P)(nr?) 

=(l.05xl0 5 Pa)^(l.00xl0“ 2 m) 2 
= [33.0 N | 

P14.79 Energy for the fluid-Earth system is conserved. 

(K +U). =[K +U) f 

0 +o =-mv 2 +0 

2 2 

v =JgL =^(2.00 m)(9.80 m/s 2 ) = | 4.43 m/s | 

P14.80 (a) The flow rate, A v, as given may be expressed as follows: 

25.0 liters _q ^33 liters/s =833 cm 3 /s 
30.0 s 

The area of the faucet tap is n cm 2 , so we can find the velocity as 

flowrate 833cm 3 /s , r——-—, 

v =-=- 5 — =265 cm/s = 2.65 m/s 

A k cm - 

(b) We choose point 1 to be in the entrance pipe and point 2 to be at 
the faucet tap. A x v x =A 2 v 2 gives v x =0.295 m/s. Bernoulli's 
equation is: 

p i ~ p i =\p(v 2 - v \) +pg[y 2 - 1 h ) 
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and gives 


P 1 -P 2 =^(l0 3 kg/m 3 )[(2.65 m/s) 2 -(0.295 m/s) 2 ] 
+(l0 3 kg/m 3 )(9.80 m/s)(2.00 m) 


or P gauge =P 1 - P 2 = |2.31x 10 Pa| . 

(a) Consider the pressure at points A and B in ANS. FIG. P14.81(b). 
Using the left tube: P A =P atm +p g[l-h) 

(a) 

Using the right tube: P B =P atm +p 0 gL 
But Pascal's principle says that P A =P B . 

Therefore, P atm +p g[h-h ) =P atm +p o gF 
or p w h =(p w - p o )L, giving 


h = 


p -y 


J 1000 kg/m 3 - 750 kg/m 3 
" 1000 kg/m 3 


(5.00 cm) 


= 1.25 cm 


(b) Consider part (c) of the diagram showing 
the situation when the air flow over the left 
tube equalizes the fluid levels in the two 
tubes. First, apply Bernoulli's equation to 
points A and B ( y A =y B , v A —v, and 

v B =0). 

This gives: 

P A +7,PaV 2 +Pagy A 

=p b +\pA o ) 2 +p a gy B 

and since y A =y B , this reduces to 

p,-p*=\py 


Shield 


ANS. FIG. P14.81 


[ 1 ] 


Now consider points C and D, both at the level of the oil-water 
interface in the right tube. Using the variation of pressure with 
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P14.82 


P14.83 


depth in static fluids, we have 

P c =P a + PJ H + P w g L 
and P D =P B +p a gH+p 0 gL 

But Pascal's principle says that P c =P D . Equating these two gives: 

P b +PJ H +P 0 S L = P a + PJ H +P w 8 l 
or P B - P A =(p w - p o )gL [2] 

Substitute equation [1] for P B - P A into [2] to obtain 
\p.v 2 =(p w ~Po)g L 


2gh(p w -p 0 ) 


v = | 14.3 m/s] 

Take point © at the free water surface in the tank and point © at the 
bottom end of the tube: 

1 , 1 , 

P 1 +Pggl +^P V l =P 2 + Pg p 2 +^P V 2 

P 0 + Pgd +0 =P 0 +0 +-pv 2 


u 2 =V2 ~gd 


Ah 


The volume flow rate is — =^~ =v.,A\ Then t = ^ —- , 

t t v 2 A A'Jlgd 

(a) For diverging streamlines that pass just above and just below the 
hydrofoil, we have 

p t +pgy t +^P v t = p b +pgv b +\p v I 
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Ignoring the buoyant force means taking y t ~y b \ 
P t +^p[nv b f =P b +^pv 2 b 

P b ~P t =\pv 2 b [n 2 -l) 


The lift force is ( P b - P t )A =^pvf, (n 


-l)A 


(b) 


For liftoff, 
1 


-pv b [n 


-1 )A=Mg 


2 Mg 

p(n 2 -l)A j 

The speed of the boat relative to the shore must be nearly equal to 
this speed of the water below the hydrofoil relative to the boat. 
First, consider the path from the viewpoint of projectile motion to find 
the speed at which the water emerges from the tank. From 

Ay =v yi t with v yi =0, Ay =-1.00 m, and a y =-g, we find the 

time of flight as 




12.00 m 


=0.452 s 


From the horizontal motion, the speed of the water coming out of the 
hole is 


v 2 =v xi 


Ax _ 0.600 m 
T ” 0.452 s 


=1.33 m/s 


We now use Bernoulli's equation, with point 1 at the top of the tank 
and point 2 at the level of the hole. With Pi = P 1 = P atm and v x ~ 0, this 
gives 

. 1 2 

pgy i =pgyi +zP v 2 


or 


h=y 1 -y 2 


; -£ Jl.33m/s) 2 =9.00X10" 

2 § 2 § 


m = |9.00 cm] 
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Challenge Problems 

P14.85 Let S stand for the edge of the cube, h for the depth of immersion, p ice 
for the density of the ice, p w for the density of water, and p al for the 
density of the alcohol. 

(a) According to Archimedes's principle, at equilibrium we have 


P w ghs 2 


=P ice gs 3 ^h=s 


Pw 


With p ice =0.917 x 10 3 kg/m 3 , 
p w =1.00 xlO 3 kg/m 3 
and S = 20.0 mm, 

we obtain h =20.0(0.917) =18.34 mm = 118.3 mm] 

(b) We assume that the top of the cube is still above the alcohol 

surface. Letting h a] stand for the thickness of the alcohol layer, we 
have 

Palg S \\ + P w g S \ = Pice^ 3 SO K = [^ L j S_ [^ £L j /7al ' 

Withp al =0.806xlO 3 kg/m 3 
and h a x =5.00 mm. 


we obtain h w =18.34-0.806(5.00) =14.31 mm = |l4.3 mm| . 


To check our assumption above, the bottom of the cube is below 
the top surface of the alcohol 14.4 mm + 5.00 mm = 19.3 mm, so 
the top of the cube is above the surface of the alcohol 20.0 mm - 
19.3 mm = 0.7 mm. The assumption was valid. 

(c) Here, h' w =s- h' aU so Archimedes's principle gives 


PalgS% +P, v gS 2 (s - Kl ) =p ice gS 3 =* pjl' a x +Pw (s - Kx ) =Pice S 

,, (Pw-Ace) \ (1-000-0.917) 

Kx =s t~ -r =(20.0 mm)-!-r 

(Pw-pJ '(1.000-0.806) 

=8.557 - 18.56 mm | 
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P14.86 Assume the top of the barge without the pile of iron has height H 0 

above the surface of the water. When a mass of iron M Fe is added to the 
barge, the barge sinks a distance AH until the buoyant force from the 
water equals the additional weight of the iron. The barge is a square 
with sides of length L, so the volume of displaced water is H AH, and 
the buoyant force supporting the extra weight is 

B=(p w eAH)g=M It g 


where p w is the density of water. 

The scrap iron pile has the shape of a cone, and the volume of a cone of 
base radius R and central height h is V cone =nR 2 h/3) therefore, the mass 
of the iron is M Fe =p Fe 7rR 2 h / 3, where p Fe is the density of iron. We 
find the distance the barge sinks with a pile of iron: 

B=[p^AH)g =M Pt g 

(pj?*n)g =(p Pe nR 2 h /3^g—> AH =[^)(f)[f^ 

If the iron is piled to a height h, the barge will sink by the distance AH, 
so the distance from the water level to the top of the iron pile is 
D top =H 0 -AH+h. 

For the situation of the problem, side L = 2r, and the initial conical pile 
of scrap iron has radius R = r and height is h = r. The distance the barge 
sinks is 



and the height of the top of the pile above the water is 

Ao P =H„-AH +h =H„-(jkj(A)r +r 

For p w =1.00 xlO 3 kg/m 3 and p Fe =7.86 xlO 3 kg/m 3 , this expression 
becomes 


D 





D top =H 0 -1.06r 


or in part. 
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P14.87 


This distance is too large to allow the barge to go under the bridge: 
D =H„ - 1.06r > D, ., 

top 0 bndge 

When the pile is reduced to a height h', but still with the same base 
radius R = r, the distance the barge sinks is 

AH =2.06 h' 

The height of the top of the pile above the water is now 

D' top = H 0 - AH +h' =H 0 - 2.06 h' +h' =H 0 - 1.06 h' 

but this means the top of the pile is now higher! To check this, recall 
that the height of the pile is reduced, so h' <r: 

d; >D 

top top 

H 0 -1.06h'>H 0 -1.06r -1.06/z' >-1.06r h'<r 

which is true. 


The situation is impossible because lowering the height of the iron 
pile on the barge while keeping the base radius the same results in 
the top of the pile rising higher above the water level. 

The incremental version of P — P 0 —pgy is dP =-pgdy. 

We assume that the density of air is proportional to pressure, 

P P 

or — =—. Combining these two equations we have 

P Po 


iP=-P^gdy 

i 0 

Integrating both sides. 



gives 



_ p 0 gy 

p 0 


Defining a then gives P =P 0 e ay . 
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lNSWERS to even-numbered problems 


P14.2 (a) ~4 x 10 17 kg/m 3 ; (b) See P14.2 for the full description. 

P14.4 5.27 x 10 18 kg 

P14.6 (a) 65.1 N; (b) 275 N 

P14.8 225 N 

P14.10 (a) 5.88 x 10 6 N down; (b) 196 kN outward; (c) 588 kN outward 

P14.12 The situation is impossible because the longest straw Superman can 
use and still get a drink is less than 12.0 m. 

P14.14 1.05 x 10 5 Pa 

P14.16 (a) F =^pgwh[ld-h\, (b) % =-^pgh^dh 2 - ^h 3 j 

P14.18 0.072 1 mm 

P14.20 (a) 14.7 kPa, 0.015 5 atm, 11.8 m; (b) Blockage of the fluid within the 

spinal column or between the skull and the spinal column would 
prevent the fluid level from rising. 

P14.22 (a) 20.0 cm; (b) 0.490 cm 

P14.24 (a) P = P 0 + pgh; (b) M g/A 

P14.26 3.33 x 10 3 kg/m 3 

P14.28 (a) 444 kg; (b) 480 kg 

P14.30 1.28 x 10 4 m 2 

P14.32 2.67 x 10 3 kg 

P14.34 (a) B = 25.0 N; (b) horizontally inward; (c) The string tension increases. 

The water under the block pushes up on the block more strongly than 
before because the water is under higher pressure due to the weight of 
the oil above it; (d) 62.5% 

P14.36 See P14.36 for the full derivation. 

P14.38 (a) 3.7 kN; (b) 1.9 kN; (c) Atmospheric pressure at this high altitude is 

much lower than at the Earth's surface 

P14.40 (a) 0.471 m/s; (b) 4.24 m/s 

P14.42 (a) 0.638 m/s; (b) 2.55 m/s; (c) 1.80 x 10 -3 m 3 /s 

P14.44 (a) 27.9 N; (b) 3.32 x 10 4 kg; (c) 7.26 x 10 4 Pa 


or in pa 
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P14.46 

P14.48 

P14.50 

P14.52 

P14.54 

P14.56 

P14.58 

P14.60 


P14.62 

P14.64 


P14.66 

P14.68 


P14.70 

P14.72 

P14.74 

P14.76 

P14.78 


(a) p =[^jgh =Rgh ; (b) 616 MW 

(a) (3.93 x 10~ 6 m 3 /s) VaP where AP is in pascal; (b) 0.305 L/s; 

(c) 0.431 L/s 

(a) 28.0 m/s; (b) 28.0 m/s; (c) The answers agree precisely. The models 
are consistent with each other, (d) 2.11 MPa 

(a) 6.80 x 10 4 Pa; (b) Higher. With the inclusion of another upward 
force due to deflection of air downward, the pressure difference does 
not need to be as great to keep the airplane in flight. 

(a) 452 N outward; (b) 1.81 kN outward 
1.01 kj 

te -p)*r 2 

(a) A particle in equilibrium model; (b) ^F y =B - F b - P He -F s =0; 

(c) m s =(p air -p He )i^ 2 ~ m b’' ( d ) °- 023 7 kg; ( e ) °- 948 m 
See P14.62 for full description. 

(a) 8.04 m/s; (b) The gravitational force and the buoyant force; (c) The 
net upward force on the ball brings it downward motion to a stop, 

4.18 m; (d) 8.04 m/s; (e) The time intervals are equal; (f) See P14.64(f) 
for a full conceptual argument. 

~ 10 4 

(a) See P14.68(a) for full description; (b) 2.66 x 10“ 3 m; (c) The situation 
in the human body is not represented by a large artery feeding into a 
single capillary as in part (b). See P14.68(c) for full explanation. 


(a) -pgwH 3 ; (b) 
b d 



2 [ttM 
r]j pg 

(a) 3.307 g; (b) 3.271 g; (c) 3.48 x 10" 4 N 

(a) 0.553 s; (b) 14.5 m/s; (c) 0.145 m/s; (d) P 2 = 1.013 x 10 5 Pa; 

(e) 2.06 x 10 5 Pa; (f) 33.0 N 
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P14.80 (a) 2.65 m/s; (b) 2.31 x 10 4 Pa 

P14.82 See P14.82 for the full answer. 

P14.84 9.00 cm 

P14.86 The situation is impossible because lowering the height of the iron pile 
on the barge while keeping the base radius the same results in the top 
of the pile rising higher above the water level. 


or in part. 
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Oscillatory Motion 


CHAPTER OUTLINE 


15.1 Motion of an Object Attached to a Spring 

15.2 Analysis Model: Particle in Simple Harmonic Motion 

15.3 Energy of the Simple Harmonic Oscillator 

15.4 Comparing Simple Harmonic Motion with Uniform Circular Motion 

15.5 The Pendulum 

15.6 Damped Oscillations 

15.7 Forced Oscillations 


* An asterisk indicates a question or problem new to this edition.) 


lNSWERS to objective questions 


OQ15.1 Answer (d). The period of a simple pendulum is T =2and its 
frequency is / =1/T =(l/2n)^jg/£. Thus, if the length is doubled so 
f =21, the new frequency is 

r =±li=±IZ =JJJ_ IPI =X 

; 2 n\f 2n V 2i 42\2n\i) V2 


OQ15.2 Answer (c). The equilibrium position is 15 cm below the starting 

point. The motion is symmetric about the equilibrium position, so the 
two turning points are 30 cm apart. 


OQ15.3 Answer (a). In this spring-mass system, the total energy equals the 

elastic potential energy at the moment the mass is temporarily at rest 
at X = A =6 cm (i.e., at the extreme ends of the simple harmonic 
motion). Thus, E =kA 2 /2 and we see that as long as the spring 
constant k and the amplitude A remain unchanged, the total energy 
is unchanged. 


792 
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OQ15.4 


OQ15.5 


OQ15.6 


Answer (c). The total energy of the object-spring system is 
^ kA 2 =4nv 2 +^kx 2 . When the kinetic energy is twice the potential 

energy, ^ mv 2 —l[^kx 2 j =kx 2 , and the total energy is 


-kA 2 =kx 2 +-kx 2 -> -kA 2 =-kx 2 -> x =4= 

2 2 2 2 V3 

Answer (d). When the object is at its maximum displacement, the 
magnitude of the force exerted on it by the spring is F s =fc|x max | = 
(8.0 N/m)(0.10 m) =0.80 N. This force will give the mass an 
acceleration of a =FJm =0.80 N/0.40 kg =2.0 m/s 2 . 


Answer (a). The car will continue to compress the spring until all of 
the car's original kinetic energy has been converted into elastic 

potential energy within the spring, i.e., until 4cx 2 =4nv 2 , or 


OQ15.7 


* 0015.8 


x =v { j4 =(2.0 m/s ) [ 3 - 0xl 9 ^g_ =o.7: 
Ik V ' '\2.0xl0 6 N/m 


Answer (c). When an object undergoes simple harmonic motion, the 
position as a function of time may be written as 
x = A cos cot = A cos [2k ft). Comparing this to the given relation, we 
see that the frequency of vibration is f = 3 Hz, and the period is 
T = l/f= 1/3. 


Answer (b). The frequency of vibration is 

f =SL = l. !K 

J 2k 2k \m 


Thus, increasing the mass by a factor of 9 will decrease the 
frequency to 1/3 of its original value. 

OQ15.9 Answer (a). Higher frequency. When it supports your weight, the 

center of the diving board flexes down less than the end does when it 
supports your weight—this is similar to a spring that stretches a 
smaller distance for the same force: its spring constant is greater 
because the displacement is smaller. Therefore, the stiffness constant 
describing the center of the board is greater than the stiffness 

constant describing the end. And then f =( — W— is greater for 

^2 n)\m 

you bouncing on the center of the board. 
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OQ15.10 


OQ15.11 


OQ15.12 


OQ15.13 


OQ15.14 


(i) Answer (c). At 40 cm we have the midpoint between the turning 
points, so it is the equilibrium position and the point of 
maximum speed, and therefore, maximum momentum. 

(ii) Answer (c). The position of maximum speed is also the position 
of maximum kinetic energy. 

(iii) Answer (e). The total energy of the system is conserved, so it is 
the same at every position. 

The ranking is (c) > (e) > (a) = (b) > (d). The amplitude does not affect 
the period in simple harmonic motion; neither do constant forces that 
offset the equilibrium position. Thus (a) and (b) have equal periods. 
The period is proportional to the square root of mass divided by 
spring constant. So (c), with larger mass, has a larger period than (a). 
And (d) with greater stiffness has smaller period. In situation (e) the 
motion is not quite simple harmonic, but has slightly smaller angular 
frequency and so a slightly longer period. 

(a) Yes. In simple harmonic motion, one-half of the time, the 
velocity is in the same direction as the displacement away from 
equilibrium. 

(b) Yes. Velocity and acceleration are in the same direction half the 
time. 

(c) No. The spring force and, therefore, the acceleration are always 
opposite to the position vector, and never in the same direction. 

Answer (d). We assume that the coils of the spring do not hit one 
another. When the spring with two blocks is set into oscillation in 
space, the coil in the center of the spring does not move. We can 
imagine clamping the center coil in place without affecting the 
motion. We can effectively duplicate the motion of each individual 
block in space by hanging a single block on a half-spring here on 
Earth. The half-spring with its center coil clamped—or its other half 
cut off—has twice the spring constant as the original uncut spring 
because an applied force of the same size would produce only one- 
half the extension distance. Thus the oscillation frequency in space is 

[ = ^f- absence of a force required to support the 

vibrating system in orbital free fall has no effect on the frequency of 
its vibration. 


Answer (d) is the only false statement. At the equilibrium position, 
X = 0, the elastic potential energy of the system ^ PE S =-^-fcr 2 j is a 
minimum and the kinetic energy is a maximum. 
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OQ15.15 (i) Answer (e). We have T { =2n — and 


T f =2 k^— —2k^— L =2T r The period becomes larger by a 
factor of 2, to become 5 s. 


OQ15.16 


OQ15.17 


(ii) Answer (c). Changing the mass has no effect on the period of a 
simple pendulum. 

(i) Answer (b). The upward acceleration has the same effect as an 
increased gravitational acceleration. 

(ii) Answer (a). The downward acceleration has the same effect as a 
decreased gravitational acceleration. 

(iii) Answer (c). The absence of acceleration means that the effective 
gravitational field is the same as that for a stationary elevator. 

(i) Answer (c). At 120 cm we have the midpoint between the 
turning points, so it is the equilibrium position and the point of 
maximum speed. 

(ii) Answer (a). In simple harmonic motion the acceleration is 
maximum when the displacement from equilibrium is 
maximum. 


(iii) Answer (a), by the same logic as in part (ii). 


lNSWERS to conceptual questions 


CQ15.1 An imperceptibly slight breeze blowing over the edge of a leaf can 

produce fluttering in the same way that a breeze can cause a flag to 
flap. As a leaf twists in the wind, the fibers in its stem provide a 
restoring torque. If the frequency of the breeze matches the natural 
frequency of vibration of one particular leaf as a torsional pendulum, 
that leaf can be driven into a large-amplitude resonance vibration. 
Note that it is not the size of the driving force that sets the leaf into 
resonance, but the frequency of the driving force. If the frequency 
changes, another leaf will be set into resonant oscillation. 

CQ15.2 (a) No. Since the acceleration is not constant in simple harmonic 

motion, none of the equations in Table 2.2 are valid. 

(b) Equation Information given by equation 

x(t)=A cos (cot +(f)) position as a function of time 
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velocity as a function of time 
velocity as a function of position 
acceleration as a function of time 


CQ15.3 


CQ15.4 


CQ15.5 


CQ15.6 


CQ15.7 

CQ15.8 


v(t) =-coA sin (cot +0) 

v(x) = ±o[a 2 -x 2 ) y2 

a[t) =-co 2 Acos(cot +0) 

a [t) =-co 2 x ( t ) acceleration as a function of 

position 

(c) The angular frequency co appears in every equation. 

(a) The general equation of position is x(t)=A cos (cot +(f>). If 
x =-Acos(cot), then 0 =n, or equally well, 0 =-n. 

(b) At t = 0, the particle is at its turning point on the negative side of 
equilibrium, at x = -,4 . 

We assume the diameter of the bob is not very small compared to the 
length of the cord supporting it. As the water leaks out, the center of 
mass of the bob moves down, increasing the effective length of the 
pendulum and slightly lowering its frequency. As the last drops of 
water dribble out, the center of mass of the bob moves back up to the 
center of the sphere, and the pendulum frequency quickly increases 
to its original value. 

(a) No force is exerted on the particle. The particle moves with 
constant velocity. 

(b) The particle feels a constant force toward the left. It moves with 
constant acceleration toward the left. If its initial push is toward 
the right, it will slow down, turn around, and speed up in 
motion toward the left. If its initial push is toward the left, it 
will just speed up. 

(c) A constant force toward the right acts on the particle to produce 
constant acceleration toward the right. 

(d) The particle moves in simple harmonic motion about the lowest 
point of the potential energy curve. 

Most everyday vibrations are damped, they eventually die down as 
their energy is transferred to their surroundings. However, as you 
will learn later, atoms in the molecules have vibration modes that do 
not damp out. 

The mechanical energy of a damped oscillator changes back and 
forth between kinetic and potential while it gradually and 
permanently decreases and transforms to internal energy. 

Yes. An oscillator with damping can vibrate at resonance with 
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amplitude that remains constant in time. Without damping, the 
amplitude would increase without limit at resonance. 


CQ15.9 No. If the resistive force is large compared to the restoring force of 


the spring (in particular, if b 2 >Amk ), the system will be overdamped 
and will not oscillate. 


CQ15.10 The period of a pendulum depends on the acceleration of gravity: 



If the acceleration of gravity is different at the top of the 


mountain, the period is different and the pendulum does not keep 
perfect time. Two things can effect the acceleration of gravity, the top 
of the mountain is farther from the center of the Earth, and the 
nearby large mass of the mountain under the pendulum. 


CQ15.11 Neither are examples of simple harmonic motion, although they are 


both periodic motion. In neither case is the acceleration proportional 
to the displacement from an equilibrium position. Neither motion is 
so smooth as SHM. The ball's acceleration is very large when it is in 
contact with the floor, and the student's when the dismissal bell 
rings. 


CQ15.12 The motion will be periodic—that is, it will repeat, though it is not 


harmonic at large angles. The period is nearly constant as the angular 
amplitude increases through small values; then the period becomes 
noticeably larger as 6 increases farther. 


CQ15.13 The angle of the crank pin is 9 =cot. Its X coordinate is x =A cos 9 = 


A cos cot , where A is the distance from the center of the wheel to the 
crank pin. This is of the form x = A cos (9t +(j)), so the yoke and 
piston move with simple harmonic motion. 



ANS FIG. CQ15.13 
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SOLUTIONS TO END-OF-CHAPTER PROBLEMS 


Section 15.1 Motion of an Object Attached to a Spring 

P15.1 (a) Taking to the right as positive, the spring force acting on the block 

at the instant of release is 

F s =-kx t =-(130 N/ m )(30.13 m) 

=-17 N or 117 N to the left] 


(b) At this instant, the acceleration is 

a =— =z-28 m/s 2 

m 0.60 kg 


P15.2 


or | a =28 m/s 2 to the left] 

When the object comes to equilibrium (at distance y 0 below the 
unstretched position of the end of the spring), ^F y =-fc (-y 0 ) - mg =0 
and the force constant is 


k 


mg _ (4.25 kg)(9.80 m/s 2 ) 
y 0 2.62 x 10~ 2 m 


=1.59 x 10 3 N = |l.59kN/m| 


Section 12.2 Analysis Model: Particle in 
Simple Harmonic Motion 

P15.3 The spring constant is found from 

k =£ = m J ft01 ° k g)( 9 - 80 m / s2 ) = 2 , 5 N/m 

x x 3.9x10 m 

When the object attached to the spring has mass m = 25 g, the period 
of oscillation is 



P15.4 (a) The equation for the piston's position is given as 

x =(5.00 cm) cos f 2 1 +—j 
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P15.5 


P15.6 


At t = 0, 


e =(5.00 cm) cos = | 4.33 d 

entiating the equation for posi 
us the piston's velocity: 

v =^j- =-(10.0 cm/s) sin f2 1 +—1 
at \ 6 / 


(b) Differentiating the equation for position with respect to time 
gives us the piston's velocity: 


At t = 0, v =1 -5.00 cm/s I 


(c) Differentiating again gives its acceleration: 

a = ~It cm / s2 ) cos j 


At t = 0, a =1 -17.3 cm/s 2 


(d) The period of motion is 
2n 2 n 


T =— =— = 3.14 s 

(o 2 I-1 

(e) We read the amplitude directly from the equation for X: 


A = | 5.00 cm | 

x =(4.00 m)cos(3.007rt +n); compare this with x =Acos(cot +<p) to 


find 



(a) 

co =27 if =3.007T or | / = 

=1.50 Hz 

(b) 

T=j =\ 0.667 s | 


(c) 

a 

o 

o 

IT 


(d) 

(/) = 7T rad 


(e) 

x[t =0.250 s) =(4.00 m) 

cos (l.757r) 


From the information given, we write the equation for position as 
x =Acoscot, with the amplitude given as A = 0.050 0 m. Differentiating 
gives us the piston's velocity, 

v =-Aco sin cot 
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800 Oscillatory Motion 

and differentiating again gives its acceleration 
a =- Act) 2 coscot 

Then, if f= 3600 rev/min = 60 Hz, then co =2nf =120^ s _1 

(a) u max =coA =(120tt)( 0.050 0) m/s = | 18.8 m/s | 

(b) fl max =oj 2 A =(120tt) 2 (0.050 0) m/s 2 = | 7.11 km/s 2 ~] 

15.7 The 0.500 s must elapse between one turning point and the other. Thus 
the period is 1.00 s. 

2 n 

co =— =( 

T 

and v max =coA =(6.28 s _1 )(0.100 m) = | 0.628 m/s | 

P15.8 (a) From the information given. 


(b) / = =-= 0.417 Hz 

\ ) J T 2.40 1 - 1 


(c) co =2nf =2^(0.417) = ^62 rad/s | 

An object hanging from a vertical spring moves with simple harmonic 
motion just like an object moving without friction attached to a 
horizontal spring. We are given the period, which is related to the 

frequency of motion by T = l/f. Then, since co 


t= J =2 AJ 

Solving for k, 

_4n z m _4tt 2 (7.00 kg) _r 
T 2 (2.60 s) 2 L 


=2nf 

V m 


40.9 N/m 


^PIS.IO For a simple harmonic oscillator, the maximum speed occurs at the 
equilibrium position and is given by Equation 15.17: 
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*P15.11 


P15.12 


Thus, 


and 


_ kA 2 _ (16.0 N/m)(0.200 m) 2 
~v 2 max ~ (0.400 m/s) 2 


=4.00 kg 


F g =mg =(4.00 kg)(9.80 m/s 2 ) = |39.2 N] 

The mass of the cube is 

m = p v =(2.70 xlO 3 kg/m 3 )(0.015 m) 3 =9.11 xl0“ 3 kg 
The spring constant of the strip of steel is 
, F 1.43 N conxT/ 

x 0.027 5 m 

, co 1 [F 1 I 52.0 N/m „ TT ■ 

f 2n 2n\m 2% ^.llxlO' 3 kg I ‘° Z I 

(a) The spring constant of this spring is 

k _mg _ (°- 450 k g)( 9 - 80 m / s2 ) 
x x 0.350 m 

We take the X axis pointing downward, so (f> =0. 


42.6 N/m 


x =A cos cot =(18.0 cm) cos . , 

V 1 [V 0.450 kg 

=(l8.0 cm) cos (446.6 rad) =[ 15.8 cm 


12.6 N/m 


(84.4 s ; 


(b) Now 446.6 rad =71 x 2 n +0.497 rad. In each cycle the object 
moves 4(18) = 72 cm, so it has moved 

7l(72 cm) +(l8-15.8) cm = | 51.1 m] 

(0.440 kg)(9.80 m/s 2 ) 

(c) By the same steps, k =---- = 12.1 N/m. 

0.355 m 


12.1 N/m 


x =A cos J —t =(18.0 cm) cos . , 

V m [V °- 440 k S 

=(18.0 cm) cos (443.4 rad) = | -15.9 cm~| 

(d) 443.4 rad =70.569(2^:) 


(84.4 s 


Distance moved =70.569(0.72 m) =1 50.8 m I 
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P15.13 


(e) The patterns of oscillation diverge from each other, starting 

out in phase but becoming completely out of phase. To calculate 
the future we would need exact knowledge of the present, an 
impossibility. 


(a) For constant acceleration position is given as a 
function of time by 

x =X: +v ri t +— a r t z 
' 2 1 

=0.270 m +(0.140 m/s)(4.50 s) 

+^(-0.320 m/s 2 )(4.50 s) 2 
= | -2.34 m | 

(b) v x =v xi +a x t =0.140 m/s - (o.320 m/s 2 )(4.50 s) = | -1.30 m/s~ 



ANS. FIG. 
P15.13(a, b) 


(c) For simple harmonic motion we have 


instead 

x =A cos (cot +p) 

and v =-Aco sin (cot +p) 

where a =-co 2 x, so that 
-0.320 m/s 2 =-co 2 (0.270 m). 



ANS. FIG. P15.13(c, d) 

=1.09 rad/s. 


At t = 0, 0.270 m =A cos (j) and 0.140 m/s =-A(l.09 s 1 ) sin p. 


Dividing gives ^^ m//s =-(l.09 s 1 ) tan p, tan p =-0.476, 
p =-25.5°. Still at t = 0, 0.270 m =A cos (-25.5°), A = 0.299 m. 


Now at t = 4.50 s, 

x =(0.299 m) cos [(l.09 rad/s)(4.50 s)-25.5°] 
=(0.299 m) cos (4.90 rad-25.5°) 

=(0.299 m) cos 255° 

= | -0.076 3 m~| 

(d) y =-(0.299 m)(l.09 s' 1 ) sin 255° = | -I0.315 m/s | 
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P15.14 


P15.15 


(a) Since the collision is perfectly elastic, the ball will rebound to the 
height of 4.00 m and then repeat the motion over and over again. 
Thus, the | motion is periodic^ . 


(b) To determine the period, we use x =— gt 2 . The time for the ball to 
hit the ground is 




2(4.00 m) 
g p.80 m/s 2 


This equals one-half the period, so T =2(0.904 s) =1 1.81 s I 


(c) 


The motion is not simple harmonic. The net force action on the 
ball is a constant given by F =-mg (except when it is in contact 
with the ground), which is not in the form of Hooke's law. 


The period of the oscillation is 
T =1 // =1/1.50 Hz =l/(3/2 s" 1 ) =2/3 s. 


(a) At t = 0, X = 0 and V is positive (to the right). Therefore, this 
situation corresponds to x = A sin cot and v =v [ cos cot. Since 
f - 1.50 Hz, co =2 nf =3.00 n, and A = 2.00 cm: 

| x =2.00 cos (3.00^:1-90°) =2.00 sin 3.00zrf~[ 

where X is in centimenters and t is in seconds. 

(b) v max =v t =Aco =2.00(3.00zr) =6.00zr cm/s = | 18.8 cm/s | 

(c) The particle has this speed at t = 0 and next after half a period: 



(d) 

(e) 


a max =Aco 2 =2.00(3.00tt) 2 =18.0;t 2 cm/s 2 = 178 cm/s 2 


This positive value of maximum acceleration first occurs when 
the particle is reversing its direction on the negative X axis, three- 

quarters of a period after t = 0: at t =^T = | 0.500 s~| . 
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(f) Since T =— s and A = 2.00 cm, the particle will travel 8.00 cm in 

3 

one cycle. Hence, in 1.00 s =—T =1 y 2 cycles, the particle will 


travel 8.00 cm +4.00 cm = | 12.0 cm | 
*P15.16 The proposed solution, 

x[t) =x i cos cot +(—) sin cot 


implies velocity 
dx 


v =— =-x,co sin cot +17,. cos cot 
dt 


and acceleration 


av 2 . 

a =— =-xm cos cot-v-co sm cot 
dt 

=-co 2 cos cot +|—J sin (otj =-co 2 x 

(a) The acceleration being a negative constant times position means 
we do have SHM, and its angular frequency is co. At t = 0 the 
equations reduce to x =x t and v =v i , so they satisfy all the 
requirements. 

(b) v 2 - ax =v 2 - ( -co 2 x)x =v 2 +co 2 x 2 

=[-x { co sin co t +v t cos cot) 2 +co 2 |x ; cos co t +(—) sin co f J 

=x 2 co 2 sin 2 cdt-lxpfi) sin cot cos cot+v 2 cos 2 cot 
+x 2 co 2 cos 2 cot +2x i v j co cos (Of sin cot 
+v 2 sin 2 co t 

=x 2 co 2 +v 2 

So the expression v 2 - ax is constant in time because all the 
parameters in the final equivalent expression x 2 co 2 +v 2 are 
constant. Because v 2 - ax must have the same value at all times, it 
must be equal to the value at t = 0, so v 2 - ax =v 2 - a i x i . If we 
evaluate v 2 -ax at a turning point where v = 0 and x = A , it is 
v 2 - ax =v 2 +co 2 x 2 =0 2 +co 2 (A 2 ) =co 2 A 2 . Thus it is proved. 
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*P15.17 


P15.18 


P15.19 


(a) 

(b) 


(c) 


m = 
(a) 


(b) 


(c) 


Chapter 15 805 

The distance traveled in one cycle is four times the amplitude of 
motion, or |20.0 cm| . 

Umax =coA =2nfA =2tt (3.00 Hz)(5.00 cm) = | 94.2 cm/s | 

This occurs as the particle passes through equilibrium. 
fl max =co 2 A =(2nf) 2 A =[2n (3.00 Hz)] 2 (0.05 m) = | 17.8 m/s 2 ] 

This occurs at maximum excursion from equilibrium. 

1.00 kg, k = 25.0 N/m, and A = 3.00 cm. At t = 0, x = -3.00 cm. 


® =J— = 


25.0 N/m 
1.00 kg 


=5.00 rad/s 


so that, T =— ==1 1.26 s I 
co 5.00 1 - 1 

u max =Aco =(3.00 xl0~ 2 m)(5.00 rad/s) = | 0.150 m/s | 


flmax =Aco 2 =(3.00 x 10 -2 m)(5.00 rad/s) 2 = | 0.750 m/s 2 ~] 

Because X = -3.00 cm and V = 0 at t = 0, the required solution is 
x =-A cos cot, or 

| x =3.00 cos (5.00f +k ) | 


Then, 

and 


u =— =1 -15.0 sin (5.00 1 +n) I 

dt ' - 1 

a=— =1 -75.0 cos (5.00 1 +n) I 

dt ' - 1 


where X is in cm, V is in cm/s, and a is in cm/s 2 . 


_ fk _ 1 8.00 N/m 
C °~\m 0.500kg 


=4.00 s \ Assuming the position of the object is 


at the origin at t = 0, position is given by x =10.0 sin (4.00f), where X is 
in cm. From this, we find that u =40.0 cos (4.00t), where V is in cm/s, 
and a =-160 sin (4.00f), where a is in cm/s 2 . 


( a ) U ma x =coA =(4.00 rad/s)(lO.O cm) = | 40.0 cm/s | 

(b) fl max =o) 2 A =(4.00 rad/s) 2 (lO.O cm) = | 160 cm/s 2 | 
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P15.20 


From our assumed expression for X, we solve for the time t: 
U-OOHz 

When x = 6.00 cm, t =1 


10.0 cm 
1 


. _J 6.00 cm') 
sm 1 - 1 


=0.161 s. 


V 4.00 Hz ) \ 10.0 cm ) 

We find then that at that time: 

(c) v =(40.0 cm/s) cos [(4.00 Hz)(0.161 s)] =| 32.0 cm/s | and 

(d) a =-(l60 cm/s 2 ) sin [(4.00 Hz)(0.161 s)] = | -96.0 cm/s 2 | 

(e) Using t =f --- | sin -1 [ --- j we find that when X = 0, 

6 V 4.00 Hz J UO.OcmJ 


t = 0, and when x = 8.00 cm, t = 0.232 s. Therefore, At = 0.232 s 


(a) [Y^l 

(b) We assume that the mass of the spring is negligible and that we 
are on Earth. Let m represent the mass of the object. Its hanging at 
rest is described by 


£F =0 -> kx - mg =0 -> k =—, 
x 


where x = 18.3 cm 


To find the period, we must find the angular frequency T =—. 

co 

We do not know the mass, but we do not need it because 



From our value for X, we find 


fx „ l~0. 

nl— =2n \— 
n \9.8 


.80 m/s 


We see that finding the period does not depend on knowing the 
mass: T =0.859 s. 
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Section 15.3 Energy of the Simple Harmonic Oscillator 

P15.21 Choose the car with its shock-absorbing bumper as the system; by 
conservation of energy. 


2 2 

v =x. 


[k I . n _ 2 \ 15. OOxlO 6 N/m i - -— 

, — = 3.16x10 2 m) - t --— = 2.23 m/s 

Vw V 'y 10 3 kg I-— 


P15.22 We are given m = 200 g ,T = 0.250 s ,E - 2.00 J, and 

2j t 2 n __ . ,. 

co =— =-=25.1 rad/s 

T 0.250 ' 

(a) k =mco 2 =(0.200 kg)(25.1 rad/s) 2 =1 126 N/m I 


kA 2 


(b) E=—^A=J— 




2(2.00 J) 
126 N/m 


=| 0.178 m | 


*P15.23 (a) Energy is conserved for the block-spring system between the 

maximum-displacement and the half-maximum points: 

(K +U) j =(K +U) f 

0 +-kA 2 =-mv 2 +-kx 2 
2 2 2 


-(6.50 N/m)(0.100 m) 2 =-m(0.300 m/s) 2 


+^(6.50 N/m)(5.00xl0- 2 m) 2 


3.25xl0“ 2 J =-m(0.300 m/s) 2 +8.12xl0~ 3 J 
giving m ] \ = | 0-542~kg~[ 


(b) co 
Then, 


9.0x10 2 m 2 /s : 

= IF= IM 

V m y 0.[ 


5.50 N/m 


=3.46 rad/s 


542 kg 
2n 2 k rad 


co 3.46 rad/s 


=| 1.81 s | 


(c) « max =Aco 2 =(0.100 m)(3.46 rad/s) 2 = 1.20 m/s 2 
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*P15.24 


*P15.25 


*P15.26 


(a) The mechanical energy of the system is equal to the potential 
energy stored in the spring at maximum amplitude: 

£ = kA 2 _ _ (250 N/m)(3.50xlQ- 2 m) 2 , , 


(b) v max =Aco, where 


)= [T = [25 
1 \m y 0 . 


2 50 N/m 
500 kg 


=22.4 s _1 . 


giving v max = | 0.784 m/s | 


(c) a max =Aco 2 =(3.50x 10~ 2 m)(22.4 s" 1 f = | 17.5 m/s 2 ] 

Model the oscillator as a block-spring system. From energy 
considerations, 

y 2 +co 2 x 2 =co 2 A 2 

with v max =(oA and v = co ^l / so 


(cqA\ 2 


2 —,.2 A 2 


From this we find 

2 3 ,2 

x 2 =—A 2 
4 

and since A = 3.00 cm. 


x =±—A = | ±2.60 crrT] 


(a) E =hiA 2 , so if A' =2 A, E' =hc{A') 2 =^k[2A) 2 =4£ 


Therefore E increases by factor of 4. 


(b) u max = J — A , so if A is doubled, v max is doubled. 


(c) a max =—A, so if A is doubled, a max also doubles. 


(d) T =2n^j— is independent of A , so | the period is unchanged. 
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P15.27 


P15.28 


(a) 

(b) 


(c) 


(d) 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

(g) 

(h) 

(i) 


E =-kA 2 =-(35.0 N/m)(4.00xl0“ 2 m) 2 =| 28.0 mj | 


|$j = 0 )yjA 2 -x 2 =J^-y/A 2 - x 2 


= | 1.02 m/s | 

-mv 2 =-kA 2 - -kx 2 
2 2 2 


=^(35.0 N/m)[(4.00 x 10' 2 m f - (3.00 x 10~ 2 mf] 


= 12.2 mj 


-kx 2 =E - -mv 2 =28.0 mj -12.2 mj = [ 15.8 mj | 


_\F\ _ 20.0 N _ p 


t= R = ^ = I ^N/ m | 


co = — =V5O0 rad/s so f =— =1 1.13 Hz I 
V m 2k 1 - 1 

u max =coA =V5O0 (0.200) = | 1.41 m/s | 

Maximum speed occurs when the object passes through its 
equilibrium position, at \x =0| . 

fl max =co 2 A =50.0(0.200) = | 10.0 m/s 2 | 

Maximum acceleration occurs where the object reverses direction, 
which is where its distance from equilibrium is a maximum, at 
x =±A = | ifl.200 m| . 

E =hcA 2 =^(l00 N/m)(0.200 m) 2 = | 2.00 J | 

|z;| =co^A 2 -x 2 =(V50.0 rad/s)^(0.200) 2 m = | 1.33 m/s~| 

\a\ =co 2 x =(50.0 rad 2 /s 2 ) ^' 2 ^ m j = | 3.33 m/s 2 | 
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P15.29 (a) Energy is conserved by an isolated simple harmonic oscillator: 

E =-kA 2 =-mv 2 +-kx 2 -> -mv 2 =-kA 2 - —kx 2 
2 2 2 2 2 2 

^\mv 2 =h(A 2 -x 2 ) 


When x = A/?>, 



(b) When x = >4 /3, 



-kA 2 =-kx 2 
2 4 


* = 


(d) | No. | The maximum potential energy of the system is equal to the 

total energy of the system: kinetic plus potential energy. Because 
the total energy must remain constant, the kinetic energy can 
never be greater than the maximum potential energy. 

P15.30 (a) | Particle under constant acceleration^ 


( b ) y fi =y+v yi t+-a y t 2 : 


-11.0 m =0 +0 +^(-9.80 m/s 2 )t 2 

t =1 2ZQm =| 1.50 s | 

V 9.80 m/s 2 1 - 1 


(c) The system of the bungee jumper, the spring (cord), and the Earth 
is | isolated | . 

(d) The system is isolated, so energy is conserved within the system. 
Take the initial point where she steps off the bridge and the final 
point at the bottom of her motion. 
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( K =(k+U x -HJ < ) / 

0 +mgy +0 =0 +0 +^kx 2 

(65.0 kg)(9.80 m/ s 2 )(36.0 m) =^k (25.0 m) 2 


which gives k = | 73.4 N/m | 


(e) The spring extension at equilibrium is 

_F _mg (65.0 kg)(9.80 m/s 2 ) _ o 

x - 0.00 m 

k k 73.4 N/m 


so this point is 11.0 +8.68 m = | 19.7 m below the bridge j and the 
amplitude of her oscillation is 36.0 m - 19.7 m = 16.3 m. 


(f) 



_ 1 73.4 N/m 
65.0 kg 


1.06 rad/s~| 


(g) Set X = 0 at the equilibrium position of the bungee jumper on the 
spring. Relative to the equilibrium position, the lowest part of the 
drop corresponds to x = +16.3 m—we have taken down as 
positive—and the point in the drop where the spring begins 
to stretch is at x = -8.68 m. Take the phase as zero at maximum 
downward extension (x = +16.3 m). We find that the phase, cot, 
was 25 m higher where X = -8.68 (above the equilibrium point): 

x =A cos cot: at time t = 0, x =(l6.3 m) cos 0 =16.3 m, and when 
x =-8.68 =16.3 cos [cot), cot = ±122° = ±2.13 rad. Which sign do 

we pick for cot ? From v =— =-coA sin cot, at X = -8.68 m, V is 
dt 

downward, which means by our choice of positive direction, V is 
positive. Pick cot =-2.13 rad: 

v =-coA sin (-2.13 rad) =+yA(0.848), which is positive. 


Therefore, cot =1.06 1 =-2.13 rad— ^-13 ra d __2 s 

1.06 

meaning t = -2.01 s when the spring begins to stretch and t = 0 
when the jumper reaches the bottom of the jump: then | 42.01 s | 
is the time over which the spring stretches. 

(h) total time =1.50 s +2.01 s = | 3.50 s | 
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P15.31 (a) F =k\x\ =(83.8 N/m)(5.46x 10“ 2 m) = |4.58N| 


(b) E =U 5 =^kx 2 =^(83.8 N/m)(5.46x 10“ 2 m) 2 = |0.125J| 


(c) 


While the block was held stationary at X = 5.46 cm, 

Y,F X =~F S +F =0, or the spring force was equal in magnitude and 
oppositely directed to the applied force. When the applied force is 
suddenly removed, there is a net force F s = 4.58 N directed 
toward the equilibrium position acting on the block. This gives 
the block an acceleration having magnitude 



4.58 N 
0.250 kg 


= |l8.3 m/s 2 ] 


(d) 


At the equilibrium position, PE s = 0, so the block has kinetic 
energy K = E = 0.125 J and speed 


*2E _ )2(0.125J) , 


m \ 0.250 kg 


: | 1.00 m/sj 


(e) | Smaller. | Friction would transform some kinetic energy into 
internal energy. 

(f) | The coefficient of kinetic friction between the block and surface. | 

(g) The block will come to a stop after sliding through distance 
d = x = 0.054 6 m. 


P15.32 


(a) 


A E mech =AK +AU =-f k d 

0 +(^0 - hex 2 j =-f k d =-fJ k mgd -» fJ k 

_ (83.8 N/m)( 0.054 6 m 
_ 2(0.250 kg)(9.80 m/s 2 


2 mgd 


. kx 2 _ kx 
2 mgx 2 mg 


At the equilibrium position, the total energy of the system is in 
the form of kinetic energy and nw 2 mm /2 =E, so the maximum 
speed is 


Umax 


_ l2E = 1 2(5.83 J) 
\ m ~]l 0.326 kg 


15.98 m/s | 
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(b) 


The period of an object-spring system is T =2njm/k, so the force 
constant of the spring is 


4 n 2 m _ 47r 2 (0.326 kg) 
T 2 (0.250 s) 2 


1206 N/m| 


(c) At the turning points, X = ±A, the total energy of the system is in 
the form of elastic potential energy, or E = KA 2 /2, giving the 
amplitude as 



1 2(5.83 J) 
206 N/m 


= |0.238 m| 


Section 15.4 Comparing Simple Harmonic Motion 
with Uniform Circular Motion 


P15.33 


(a) 


The motion is simple harmonic because the tire is rotating with 
constant angular velocity and you see the projection of the motion 
of the bump in a plane perpendicular to the tire. 


(b) Since the car is moving with speed V = 3.00 m/s, and its radius 
is 0.300 m, we have 


co = 


3.00 m/s _ 


=10.0 rad/s 


0.300 m 

Therefore, the period of the motion is 
_ In In 


co (lO.O rad/s) 


= 0.628 s 


Section 15.5 The Pendulum 

P15.34 The period in Tokyo is T t =2n and the period in Cambridge is 

Ut 

T c =2 n 
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P15.35 


We know that T r =T C =2.00 s, which means that — = 

St 


k, 

Sc' 


or 


Sc = Lc _ 0-994 2 
Sr L t 0.992 7 


=| 1.001 5 


The period of a pendulum is the time for one complete oscillation and 
is given by T =2where t is the length of the pendulum. 


T J 3.00 mm V_60s_ 

Vl20 oscillations ) U min ) - 

(b) The length of the pendulum is 

1 = s ( l ?) =<9 ' 80 


P15.36 


P15.37 


Referring to ANS. FIG. P15.36, we have 

F =-mysin0 and tand =— 

6 R 

For small displacements, 

my 

tan 6 ~ sin 6 and F=--^x=-kx 
R 

Since the restoring force is proportional to 
the displacement from equilibrium, the 
motion is simple harmonic motion. 

Comparing to F =~mo) 2 x shows 



mgcosO ' f 

7Hg 

ANS. FIG. P15.36 



f = 0.450 Hz, d = 0.350 m, and m = 2.20 kg. Now, 



Solving for the moment of inertia, we obtain 



»«g 

ANS. FIG. P15.37 


I =r _ mgd J 1 Y mgd _ (2.20 kg)(9.80 m/s 2 )(0.350 m) 
4 tt 2 [/J 4tt 2 4^: 2 (0.450 s" 1 ) 2 

=1 0.944 kg • m 2 I 
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P15.38 


*P15.39 


P15.40 


Please see ANS. FIG. P15.37. For a physical pendulum, 
_ 1 


_4 n 2 I 
mgd 


/1W 

I = 

_ mgd 

f) ^ 


4K 2 f 2 


We solve co =— for T =— =—^~ =1 1.42 s I 
T co 4.43 1 - 1 


-ft 


for L =A = 9,80 m/S „ =| 
co (4.43 rad/s) 


We then solve co 
(a) The parallel-axis theorem gives I =I CM +md‘ 
so T =2Tc\—f-- =1 In, 


4m 4-md 


mgd 


(b) When d is very large T —> 2n — gets large. 


Id 

n * 


When d is very small T —> 2n gets large. 

]jmgd 

So there must be a minimum, found by 

id =0 = fd 2n ^ IcM +md TM~ y2 

=2tt (/ C m +md 2 ) V2 ^j(mgd )‘ 3/2 mg 

+2 n[mgd )" 1/2 ^j(/ CM +md 2 ) 1/2 2rad 

~^(l CM +md 2 )mg Inmdmgd 

(l CM +wd 2 ) V2 [mgd ) 3/2 (l CM +md 2 ) V2 [mgd f‘ 


This requires 

-I CM - md 2 +2md 2 =0 
or | I C M = md2 | 
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816 Oscillatory Motion 

P15.41 Using the simple harmonic motion model: 


(b) For simple harmonic motion, the maximum 
acceleration 


(a) v max =Aco =(0.262 m)(3.13 s _1 ) 



=| 0.820 m/s~| 



ANS. FIG. P15.41 


fl max =Aco 2 =(0.262 m)(3.13 s’ 1 ) 2 
=2.57 m/s 2 

which is equal to the maximum tangential acceleration, occurs at 
the extreme ends of the swing: 


(c) The maximum restoring force causes the maximum acceleration: 

F =wfl max =0.25 kg (2.57 m/s 2 ) 4fF64lM | 

(d) (a) Applying energy conservation to the isolated pendulum- 


Earth system: 


K t +U t =K f +U f -» mgh =-mv 2 

and h=L(l-cosd) r 
then 


»max =y/2gh =y]2gL[l-cosd) 


=^2(9.80 m/s 2 )(1.00 m)(l-cos 15.0°) 


0.817 m/s | 
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P15.42 


P15.43 


(a) The parallel-axis theorem gives: 

I =I CM +Md 2 =^ML 2 +Md 2 

^ 12 M ( l‘00 +M ^- 00 


=m[— 

\12 


rr^ M 13/12 m 2 

T =2 n -=27r.|—-—- r 1 

\Mgd y Mg 1.00 m 


13/12 m 


y 9.80 m/s 2 
= 2.09 s ] 

(b) For the simple pendulum. 


T =2n\ L0 ° m 7 =2.01 s 


9.80 m/s : 



ANS. FIG. P15.42 


2.01s 

(a) The string tension must support the weight of the bob, accelerate 
it upward, and also provide the restoring force, just as if the 
elevator were at rest in a gravity field of (9.80 + 5.00) m/s 2 . Thus 
the period is 


’ = 2 n E = 2 n 
u 


5.00 m 


\ 14.8 m/s 2 


T =| 3.65 s 
(b) T =2 n 


5.00 m 


(9.80 m/s 2 -5.00 m/s 2 ) !—- 1 

( c ) Sett = \j[9 -80 m/s 2 ) 2 +(5.00 m/s 2 ) 2 =11.0 m/s 2 


T =2^,| , 5 ' 00 ”, = | 4.24 s | 


11.0 m/s 2 
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P15.44 


(a) From T = 


total measured time 

”50 ' 


the measured periods are: 


Length, L (m) 

1.000 

0.750 

0.500 

Period, T (s) 

2.00 

1.73 

1.42 


(b) T 




The calculated values for g are: 


Period, T (s) 

2.00 

1.73 

1.42 

Q (m/s 2 ) 

9.87 

9.89 

9.79 


Thus, g = 9.85 m/s 2 


This agrees with the accepted value of g =9.80 m/s 
within 0.5%. 



ANS. FIG. P15.44 

(c) From T 2 =1 IL, the slope of T 2 versus L graph is 


— =3.97 s 2 /m 
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|_I 

Thus, ? =-= 9.94 m/s 2 .This is within 1.5% of the accepted 

slope 1 - 1 

value for g. 

P15.45 The period of oscillation for the watch balance wheel is T = 0.250 s. 

Modeling the 20.0-g mass as a particle, we find the moment of inertia 
from / = mr 2 . 

(a) I =mr 2 =(2.00 xlO " 2 kg)(5.00xl0 ~ 3 m ) 2 =1 5.00xl0 “ 7 kg-m 2 I 


(b) To find the torsion constant, we use Equation 15.29 for the motion 
of a torsional pendulum, 

A e _ m 


\k In 

J— =co =— 

yi t 

Solving for the torsion constant gives 


:=I(o 2 =( 5 . 00 xlO ' 7 kg-m 2 )( ln ] = 3.16xlO" 4 

V 6 \ 0.250 sj rad 


Section 15.6 Damped Oscillations 

P15.46 We are given 6 i =15.0°,and d[t =1 000 s) =5.50°. We then use 
Equation 15.32 for damped oscillations: 

x =Ae- bt/2m 

Substituting, 

•*'1000 ^ _5.50 _ -(,(l000)/2m 

A lKo 

hf^Woo ^ 1 000 ) 

V.15.0 J 2m 

which gives 

1.00 xio^Tq 
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820 

P15.47 


P15.48 


Oscillatory Motion 

If the oscillation was undamped, its frequency would be 


k_ _ 1 2.05 xlO 4 N/m _ 


=44.0 s" 1 

10.6 kg 

(a) With damping, the frequency becomes 


32 =44.0 s" 1 
= | 7.00 Hz] 


6 kg 


=y/l 933.96-0.02 =44.0 s" 1 
c co 44.0 s' 1 


(b) In x =A 0 e cos (cot +0) over one cycle, a time T =—, the 

co 

amplitude changes from A 0 to A {) e~ b2K,2mm for a fractional decrease 
of 


A 0 \ e 

aT 


- =1 _ £-3/(10.644.0) =1 — g-O-02O2 =1 _ Q97998 

=0.020 0 = | 2.00% I 


(c) The energy is proportional to the square of the amplitude, so 
its fractional rate of decrease is twice as fast: 

E =—kA 2 =-kAle 2bt,2m =E 0 e~ bt/m 
2 2 0 0 

We specify 

(0.050 0)E 0 =E 0 e~ 3t/w ' 6 
0.050 0 = e ~ 3t/w - 6 

e ^t,w. 6 =200 

3 1 

104 

t = | 10.6 s | 

The total energy is E =^mv 2 +^kx 2 . 

Taking the time derivative gives — =mv^~ +kxv. 

dt dt 2 


: = In 20.0 =3.00 
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P15.49 


Then, substituting from Equation 15.31, =~kx - bv, gives 
d f=v[-kx-bv)+kvx 


Thus, 


— =-bv 2 <0 
dt 


We have proved that the mechanical energy of a damped oscillator 
is always decreasing. 

To show that x =Ae~ bt,2m cos (cot +0) 

dx d 2 x 

is a solution of -kx-b—=m^4 [1] 

dt dt 2 


where co =, f \ and b 2 < 4mk so that co is real, [2] 

\m \2m) 

we take x =Ae~ ht/lm cos (cot +0) and compute [3] 

— =Ae~ bt,lm ( —— 1 cos (cot +0)- Ae~ bt/2m co sin (cot +0) [4] 

dt y 2m J 

= — — I ' Ae~ bt/2m ( — —1 cos ( cot +0)- Ae~ bt/2m co sin ( cot +0)1 
dt 2m \_ \ 2m) \ 

j© sin ( cot +0) +Ae~ bt/lm co 2 cos (cot +0)j [5] 

We substitute [3] and [4] into the left side of [1], and [5] into the right 
side of [1]: 

-kAe~ bt/2m cos (cot +0) +— Ae~ bt,2m cos (cot +0) 

2m 

+bcoAe~ bt/2m sin (cot +0) 

=-^Ae“ w/2m |^-j cos (cot +0)- Ae~ bt,Zm co sin ( cot +0)j 

+^Ae~ bt,2m co sin (cot +(/>)-mco 2 Ae~ bt/2m cos (cot +0) 

We then compare the coefficients of the Ae~ bt/lm cos (cot +0) and the 
Ae~ bt/2m sin (cot +0) terms. 
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The cosine term is 



and the sine term is 

bco =+~[co) +^[co) =boj 

Since the coefficients are equal, x =Ae~ ht/2m cos (cot +(f>) is a solution of 
the equation. 


Section 15.7 Forced Oscillations 

P15.50 (a) For resonance, her frequency must match: 

/o ; 


_co 0 _ 1 IT _ 1 |7.00xl0 2 N/m _ 
fo ~2n~2nim~2n\ 12.5 kg 


dx 

(b) From x —A cos cot, v =— =-Aco sin cot, and 
dt 


_dv _ 
~ dt " 


-Aco 2 coscot, the maximum acceleration is Aco 2 . When 

this becomes equal to the acceleration due to gravity, the normal 
force exerted on her by the mattress will drop to zero at one point 
in the cycle: 


Aco 2 =g or A =Ar 
co 

_(9.80 m/s 2 )(l2.5 kg) 


==^_ =SHL 

k/m k 


= 17.5 cm 


7.00 xlO 2 N/m 

The pendulum is resonating with the beeper. The beeper must vibrate 
at the frequency of a simple pendulum of frequency 1.50 Hz: 

g _ 9.80 m/s 2 


>=2*/=Jf- 


(2 nf) 2 [2tt(1.50 Hz)] 2 
=0.110 m = | 11,0 cm | 
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P15.52 


P15.53 


P15.54 


From the equation for the amplitude of a driven oscillator with no 
damping. 


A _ F o/ m _ F o/ m 

^(® 2 -®, 2 ) 2 ® 2 -*» 

which gives 

F 0 =mA(co 2 -co 2 ) 

The driving frequency is 

co 2 =(2 Ttff =[2tt(10.0 s " 1 )] 2 =3.95 xlO 3 s" 2 
and the natural frequency of the oscillator is 


2 _ k _ 200 N/m 

Substituting gives us a driving force of 


=49.0 s" 2 


J J0M]| Z00x10 - 2 m)(3.95xl0 3 s" 2 -49.0 s" 2 ) 
0 ^9.80 m/s J' A 1 

= | 318 N | 


We are given F = 3.00 sin (2 7rt), k = 20.0 N/m, and m = 2.00 kg. 

= IT = 1 20.0 r 

a 0)0 \m \ 2.00 


3 N/m 
2.00 kg 


= 3.16 s' 1 


(b) From F = 3.00 sin (2/rt), the angular frequency of the force is 

co =2 k = |6.28 s -1 1 

(c) From equation 15.36, the amplitude A of a driven oscillator, with 
b = 0, gives 

FJm (3.00 N/m)/(2.00 kg) - 1 

A = , =)-- % =0.050 9 m = 5.09 cm 

CO -(O 0 (6.28 s" 1 ) -(3.16 s" 1 ) 


We start with Equation 15.34, F 0 sin cot - kx =m 


cfx 

dt 2 


Equation 15.35 gives the solution to this equation as 
x =A cos (cot +0) 


[ 1 ] 

[ 2 ] 
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824 Oscillatory Motion 
differentiating, 

dx 


— =-Aco sin [cot +b) 
dt 

and differentiating again, 

=-Aco 2 cos [cot +</>) 

Substituting [2] and [4] into [1]: 

F 0 sin cot-kA cos [cot +0) =m[-Aco 2 ) cos («f +0) 
Solving for the amplitude: 

[kA - mAco 2 ) cos [cot +cf>) =F 0 sin cot =-F 0 cos [cot +90° 
These will be equal, provided only that 0 must be +90° and 
kA-mAco 2 =-F n 


Thus, A - 


FJm 


where co (] =/— 


P15.55 We use the equation for the amplitude of forced oscillations. 


F ex Jm 


■J(co 2 - co 2 f +[bco/mf 


With b = 0, 


Thus, 


F ext /m _ F ext jm _ + F ex Jm 

_ 4 ® -®.) __ ® 2 -®o 


2 2 .F m k -l. f ext 

® 2 =® 0 ± ^— =— 

A m mA 

_ 6.30 N/m + 1.70 N 

0.150 kg “(0.150 kg)(0.440 m) 

This yields ® =8.23 rad/s or co =4.03 rad/s. Then, 

/ = ~ gives either / = | 1.31 Hz~| or /-= f 0.641 Hz | 
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Additional Problems 

P15.56 Deuterium is the isotope of the element hydrogen with atoms having 
nuclei consisting of one proton and one neutron. For brevity we refer 
to the molecule formed by two deuterium atoms as D and to the 
diatomic molecule of hydrogen-1 as H, with M D =2 M H . 



_f H _1.30x 10 14 Hz 

/d "V2 V2 


= | 0.919 xlO 14 Hz | 


P15.57 From a = - co 2 X, the maximum acceleration is given by a max = co 2 A . Then 
108 cm/s 2 = (o 2 (12.0 cm), giving co= 3.00 rad/s. 

(a) T =1 // =2 n/w =2zr/(3.00 s" 1 ) =[Z09s] 

(b) / =(o/2k =(3.00 s' 1 )/2 n =|0.477 Hz 

(c) v max =coA =(3 s 1 )(l2.0 cm) = |36.0 cmTsj 

(d) E =^mv 2 max =|m(0.360 m/s) 2 

=| 0.064 8m, where £ is in joules and m is in kg 
£ 

(e) From co 2 =—, we obtain 


P15.58 


(f) 


(a) 


k =(o 2 m =(3.00 s 4 ) 2 m 

=| 9.00 m, where k is in newtons/meter and m is in kg | 

Period, frequency, and maximum speed are all independent of 
mass in this situation. The energy and the force constant are 
directly proportional to mass. 

Consider the first process of spring compression. It continues as 
long as glider 1 is moving faster than glider 2. The spring 
instantaneously has maximum compression when both gliders 
are moving with the same speed V g . 



ANS. FIG. P15.58(a) 
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P15.59 


Momentum conservation then gives 
m 1 v li +m 2 v 2i =m 1 v lf +m 2 v 2f 
(0.240 kg)(0.740 m/s) +(0.360 kg)(0.12 m/s) 

=(0.240 kg)u a +(0.360 kg)v a 

0.220 8 kg-m/s _ 

0 .6$) kg ~ Va 
v a = | 0.368 m/s | 


(b) From energy conservation, we have 

[k x +k 2 +u s ). =(k, +K 2 +U s ) f 

^ m-, v 2 u +^m 2 vli +0 =^(m T +m 2 ) v 2 +^kx 2 
^(0.240 kg)(0.740 m/s f +^(0.360 kg)(0.120 m/s) 2 
=|(0.600 kg)(0.368 m/s) 2 +^(45.0 N/m)x 2 
0.068 3 J =0.040 6 J +^-(45.0 N/m)x 2 

f 2(0.027 7 J)V /2 „ _ , |-1 

* H rnn' =0 - 035 1 m =1 3 - 51 cm I 

^ 45.0 N/m J ' - 1 


(c) i m tot v 2 CM =^(0.600 kg)(0.368 m/s) 2 =0.040 6 J = 40.6 mj | 

(d) hix 2 =|(45.0 N/m)(0.0351 m) 2 =0.027 7 J = | 27.7 mj | 


Let F represent the tension in the rod. 

(a) At the pivot, 

F =Mg +Mg = | 2 Mg | 

(b) A fraction of the rod's weight 
Mgfy as well as the weight of the 

ball pulls down on point P . Thus, the 
tension in the rod at point P is 



ANS. FIG. P15.59 



+Mg = 
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(c) Relative to the pivot, I =I rod +I ball =^ML 2 +ML 2 =^ML 2 . 


For the physical pendulum, T =2/r -, where m = 2M and d is 

V m 8 d 

the distance from the pivot to the center of mass of the rod and 
ball combination. Therefore, 


_M(L/2)+ML _3 L 


I (4/3)ML J 


(d) 


For L = 2.00 m, T =— 
3 


j 2(2.00 m) 

9.80 m/s 2 


=| 2.68 s |. 


P15.60 (a) From a = - c o 2 X , the maximum acceleration is given by a max = co 2 A . 

As A increases, the maximum acceleration increases. When it 
becomes greater than the free-fall acceleration, the rock will no 
longer stay in contact with the vibrating ground, but lag behind 
as the ground moves down with greater acceleration. We have 
then 


A 


_g_ g 9.80 m/s 2 

co 2 (2nff [in (l AOs- 1 )] 2 


=| 4.31 cm | 


(b) 


When the rock is on the point of lifting off, the surrounding 
water is also barely in free fall. No pressure gradient exists 
in the water, so no buoyant force acts on the rock. The effect 
of the surrounding water disappears at that instant. 


*P15.61 For the resonance vibration with the occupants in the car, we have for 
the spring constant of the suspension: 



k =4n 2 f 2 m =4n 2 (l.80 s 1 ) 2 [l 130 kg +4(72.4 kg)] 
=1.82 xlO 5 kg/s 2 
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*P15.62 


Now as the occupants exit, 

_F _4(72.4kg)(9.8 m/s 2 ) _r 
X ~k~ V.B2 x iW'jkgfisr " “L 

(a) The period of the swinging rod is 

IX 

y mgd 

[ 2 £ 

P g 


1.56 xl0~ 2 m 


T= 2x a 

=2 7T 


=2 K. 


(1/3 )me 
mg 1/2 



T 2 £ 

The time for one half a cycle is — =n A — . 

2 V 3g 


stride length 

ANS. FIG. P15.62 


The distance traveled in this time is the stride length 21 sin 0 max , 
so the speed is 

d _2i sin 6 max _sj2£3g sin 0 max sin 6 max 

t n^j2£/3g k n 

(b) We use the more precise expression 

-\]6g£ cos(0 max /2) sin 0 max 
n 

^6(9.80 m/s 2 )(0.850 m) cos 14.0° sin 28.0° 


= 1.04 m/s 


(c) With 


-Vcos sin 0 max 

K 

-V 6 g4ew COS sin 0 max 


dividing gives 



0.850 m 


4 ew = | 3.40 m 
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*P15.63 


P15.64 


-4 


oT 2 

the length of a pendulum with period T is L =^— 

(a) On Earth, with T = 1.0 s, 

£ T 2 (9.8 m/s 2 )(l.O s) 2 ,-, 

L =-- —4 -- =0.25 m = 25 cm 

4tt 2 4tt 2 1 - 1 

(b) If T = 1.0 s on Mars, then 

,_gM,„^_(3-7m/s 2 Kl-0s) : 


4lTC 


4 k 1 


=0.094 m = |9.4 cm| 


(c) and (d) The period of an object on a spring is T =27tJ™, which 

is independent of the local free-fall acceleration. Thus, the same 
mass will work on Earth and on Mars. This mass is 

in 2 iK 2 1 - s 

(a) The amplitude is the magnitude of the maximum displacement 
from equilibrium (at X = 0). Thus, | A =2.00 cm| . 

(b) The period is the time for one full cycle of the motion. Therefore, 

|r =4.oo"s1 . 
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P15.65 


P15.66 


(e) The maximum acceleration is 

flmax =co 2 A rad/sj (2.00 cm) = |4.93 cm/s 2 | 

(f) The general equation for position as a function of time for an 
object undergoing simple harmonic motion with X = 0 when 1 = 0 
and X increasing positively is x = Asm cot. For this oscillator, this 
becomes 


x =2.00 sin 



where x is in centimeters and t in seconds. 


The maximum acceleration of the oscillating 
system is a max =Aco 2 =4; z 2 Af 2 . The friction 
force exerted between the two blocks must be 
capable of accelerating Block B at this rate. 
Thus, if Block B is about to slip, 

/ = /max = /V*=/W 

= m(4n 2 Af 2 ) 

which gives a maximum amplitude of 
oscillation of 


%[Zf 

p 



ANS. FIG. P15.65 


a=-m^= (a600 2 )(98 ° °^ s2 > - 

4tt 2 / 2 4^: (1.50 s' 1 ) 2 1 - 1 

Refer to ANS. FIG. P15.65. The maximum acceleration of the oscillating 
system is a max =Aco 2 =AK 2 Af 2 . The friction force exerted between the 
two blocks must be capable of accelerating Block B at this rate. Thus, if 
Block B is about to slip, 

/ = /max = = ra(47T 2 A/ 2 ) 

which gives a maximum amplitude of oscillation of 


A = 


VsS 

4tt 2 /f 
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P15.68 


Chapter 15 831 


We draw a free-body diagram of the 
pendulum in ANS. FIG. P15.67. The 
force H exerted by the hinge causes 
no torque about the axis of rotation. 

, , d 2 e 

t =Ia and —- =-a 

dt 2 

t =MgL sin 6 +kxh cos 6 

T d 2 e 



For small-amplitude vibrations, use the approximations: sin 6-6, 
cos 0 = 1, and x~s =h6. 

Therefore, 


cfO _ 

dt 2 ' 


MgL+kh 2 }„ - 

- \e =-co 6 


,= J : 


MgL +kh 2 
ML 2 


=2 n f 


f = 


2 nL 


- JgL +— 

\l* jyr 


(a) When the mass is displaced a 
distance X from equilibrium, 
spring 1 is stretched a distance X 1 
and spring 2 is stretched a 
distance x 2 . 

By Newton's third law, we expect 
/c 1 x 1 =k 2 x 2 

When this is combined with the 
requirement that 

x=x x +x 2 


we find 


md x x = ——— \x 

Ik +k\ 


’niVn’O VtVimiR 

(a) 

(b) 

ANS. FIG. P15.68 


The force on either spring is given by F x 
where a is the acceleration of the mass m. 


, r Kk z i 

\x =m 

lK+k 2 \ 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 














832 Oscillatory Motion 


P15.69 


This is in the form F =k H x =ma 


and T =2n \-— = 2 n, 


^i(k x +k 2 ) 
k x k 2 


(b) In this case each spring is distorted by the distance X which the 
mass is displaced. Therefore, the restoring force is 


F =-[k x +k 2 )x and 
so that T = 2n 


Kg =K +k 2 


y k x +k 2 

At equilibrium, we have 

5>=0 -mg^j+kx 0 L 

where X 0 is the equilibrium compression. 

After displacement by a small angle (we 
assume cos 0=1), 




ANS. FIG. P15.69 


It 


+kxL +k(x 0 -L6)L =-k6L 2 


But, 


V t 1 T id 2 d 
S '= Ia =~ 3 mL & 

SO ^=-^0 

dt m 

Comparing this result to the general form for simple harmonic motion 
in which the angular acceleration is opposite in direction and 
proportional to the displacement, 

d 2 e 

l? = - ae 


we find that 


m \m \ 5.00 kg 1 - 1 
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P15.70 


Please refer to ANS. FIG. P15.69. At equilibrium, we have 


Xt=0 


+kx 0 L 


where X 0 is the equilibrium compression. 

After displacement by a small angle (we assume cos 0-1), 

+ k x L +k(x 0 -LO)L =-k6L 2 

But, 


V r 1 r2 d6 

lT=Ia= 3 mL tf 


Comparing this result to the general form for simple harmonic motion 
in which the angular acceleration is opposite in direction and 
proportional to the displacement. 


we find that 


0) 



P15.71 As it passes through equilibrium, the 4.00-kg object has speed 

u max =coA =Ma = I 100 N ^ m (2.00 m) =10.0 m/s 
max Vm \ 4.00kg V ' 1 

In the completely inelastic collision, momentum of the two-object 
system is conserved. So the new 10.0-kg object starts its oscillation with 
a new maximum speed given by 

(4.00 kg)(l0.0 m/s) +(6.00 kg)o =(l0.0 kg)u max 
Umax =4.00 m/s 

(a) The system consisting of the two objects, the spring, and the 
Earth, is isolated, so mechanical energy is conserved. The new 
amplitude is given by 

— mv 2 =—kA 2 
2 a 2 


(10.0 kg)(4.00 m/s) 2 =(100 N/m)A 2 
A = | 1.26 m| 
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834 


Oscillatory Motion 


P15.72 


(b) The old period was T =2jtJ— =2 n.\ ^ =1.26 s. 

F V k VlOON/m 


The new period is T =2 n. -s 2 =1.99 s. 

F Vioo 

The period of the system has changed by a factor of 

^=— = 0L58l 

/„id 1-26 s 

(c) The old energy was ^mv 2 max =^(4.00 kg)(l0.0 m/s) 2 =200 J. 
The new mechanical energy is ^(lO.O kg)(4.00 m/s) 2 =80.0 J. 


The energy has decreased by 120 J . 


(d) 


Mechanical energy is transformed into internal energy in the 
perfectly inelastic collision. 


(a) X F =-2 T sin 9 j 

where 9 =tan _1 ^j. 

Therefore, for a small displacement, 
and 


L v -‘ L 

ANS. FIG. P15.72 


sin# ~ tan# =— 
L 


-2 Ty, 

I F =— 


(b) The total force exerted on the ball is opposite in direction and 
proportional to its displacement from equilibrium, so the ball 
moves with simple harmonic motion. For a spring system, 

2T 

XF =-kx becomes here S F =- ~y- 


Therefore, the effective spring constant is — and 



© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly. 


sible website, in whole or in part. 














Chapter 15 835 


P15.73 


P15.74 


One can write the following equations of motion: 

T - kx =0 (describes the spring) 

T , d 2 x 

mg - T =ma =m —- 
6 dt 2 

(for the hanging object) 

R{ r-T)=i d 4=^ 

dt 2 R dt 2 
(for the pulley) 

with I =—MR 2 . 

2 



ANS. FIG. P15.73 


Combining these equations gives the equation of motion: 

l 2 )dt 2 


+kx ■■ 


■■mg 


The solution is x(t) =A sin cot +—- (where arises because of the 
k k 

extension of the spring due to the weight of the hanging object), with 
angular frequency 



(a) For k = 100 N /m and m = 0.200 kg, 

co = /--, where 0 ) is in s 'and M is in kilograms. 

V 0.400 +M _ & 

(b) The highest possible value occurs when M =0: co = | 22.4 s -1 ] . 

(c) The angular frequency is independent of the radius of the pulley: 
co = [22.4 s~ x | 

Suppose a 100-kg biker compresses the suspension 2.00 cm. 

Then, 



x 


980 N 

2.00 xl0“ 2 m 


=4.90 xlO 4 N/m 
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If total mass of motorcycle and biker is 500 kg, the frequency of free 
vibration is 


_ 1 

F- 1 , 

1 4.90 xlO 4 N/m 

2ni 

m 2 k ^ 

500 kg 


=1.58 Hz 


If he encounters washboard bumps at the same frequency as the free 
vibration, resonance will make the motorcycle bounce a lot. It may 
bounce so much as to interfere with the rider's control of the machine. 


Assuming a speed of 20.0 m/s, we find these ridges are separated by 


20.0 m/s 
1.58 s" 1 


=12.7 m^lO 1 m | 


P15.75 


In addition to this vibration mode of bouncing up and down as one 
unit, the motorcycle can also vibrate at higher frequencies by rocking 
back and forth between front and rear wheels, by having just the front 
wheel bounce inside its fork, or by doing other things. Other spacing of 
bumps will excite all of these other resonances. 


(a) 


: -= 2 *Jj= 2 4 


2.23 m 
9.80 m/s 2 


=| 3.00 s | 


(b) E =4mv 2 =^(6.74 kg)(2.06 m/s) 2 = | 14.3 J | 


(c) For a system of an isolated pendulum-Earth, mechanical energy is 
conserved. Relate the pendulum bob at the lowest point to the 
highest point: 


A K +AU g =0 

^0-4 mv 2 j +(jngh- 0) =0 

/ 1 2 

mgh =—mv 


v 2 _ (2.06 m/s) 2 
2g ~ 2(9.80 m/® 


=0.217 m 


and 


h=L-L cos 6 =l( 1- cos o) 


0.217 m 
2.23 m 


| 6> =25.5 j| 
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Chapter 15 837 

P15.76 (a) The graph of Mg versus X is shown in ANS. FIG. P15.76(a). 

Static stretching of a spring 



ANS. FIG. P15.76(a) 

(b) Assuming a Hooke's Law type spring, F =M g = kx, and 
empirically 

Mg =1.74* - 0.113 
so k = | 1.74 N/m ±6% | 

(c) 


M, kg 

x, m 

Mg, N 

0.020 0 

0.17 

0.196 

0.040 0 

0.293 

0.392 

0.050 0 

0.353 

0.49 

0.060 0 

0.413 

0.588 

0.070 0 

0.471 

0.686 

0.080 0 

0.493 

0.784 
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838 Oscillatory Motion 

(d) 


Time, s 

T, s 

M, kg 

T 2 , s 2 

7.03 

0.703 

0.020 0 

0.494 

9.62 

0.962 

0.040 0 

0.925 

10.67 

1.067 

0.050 0 

1.138 

11.67 

1.167 

0.060 0 

1.362 

12.52 

1.252 

0.070 0 

1.568 

13.41 

1.341 

0.080 0 

1.798 


(e) The graph of T 2 versus M is shown in ANS. FIG. P15.76(e). 

Squared period as a function 
of the mass of an object 
bouncing on a spring 



Mass, kg 


ANS. FIG. P15.76(e) 

(f) We may write the equation as theoretically 

2 47T 2 4 n 2 

T =- M + - m e 

k 3k 5 

and empirically 

T 2 = 21.7 M +0.058 9 


so 

4tt 2 i-1 

k=— = 1.82 N/m ±3% 

21.7 I---1 

(g) The k values 1.74 N/m ±6% 

and 1.82 N/m ±3% differ by 4% so | they agree] . 
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(h) Utilizing the axis-crossing point, 

J 0.0589 

m , =3 - 

5 1 21.7 


kg =| 8 grams ±12% | 


in agreement with 7.4 grams. 


P15.77 The free-body diagram in ANS. FIG. P15.77 shows the forces acting on 
the balloon when it is displaced distance S = L6 along the circular arc it 
follows. The net force tangential to this path is 

F net =YjF x =-B sin 0 +mg sin 6 =-(b~ mg) sin 6 


For small angles, sin0~0=s/L 
Also, mg =(p He V)g 

and the buoyant force is B ={p m V )g. Thus, the net restoring force 
acting on the balloon is 

(p„,-pjyg j. 




Observe that this is in the form of Hooke's law, F =-k s, with 

k=(p^-pJv g /L 

Thus, the motion will be simple harmonic and the period is given by 


T=\= ln =2 n 

f ® 


■ PmV 

[p^-pJVg/L 


Pair Pile 
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P15.78 


This yields 


r=2 4 


If 0.179 kg/m 3 "1 

| (3.00 m) 

\{ 1.20 kg/m 3 - 0.179 kg/m 3 J 

1(9.80 m/s 2 ) 


=11.46 s I 


(a) We require Ae ui2m =j -> =2, 

bt 1 o 
or — =ln2 
2m 

0.103 kg/s 
2(0.375 kg) 

which gives t = |5.20 s| . 

The spring constant is irrelevant. 

(b) We can evaluate the energy at successive turning points, where 

cos (cot +(f>) =±L and the energy is ^kx 2 =^kA 2 e~ bt/m . 

We require ^ kA 2 e~ bt/m 

or e M,t/m =2 

which gives 

, jn( h2) _ (0.375 kg)(0.693) 

b 0.100 kg/s ——d 


(c) From E =—kA 2 , the fractional rate of change of energy over time 
is 

dm _w«>(]^) JtjuYw*) =2 im 

E —If A 2 —If A 2 A 


which gives 


which is twice as fast as the fractional rate of change in 
amplitude. 


dA/dt _1 dE/dt 
A ~ 2 E 
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P15.79 


(a) x =A cos (cot +(/)) -> v =-coA sin (cot +0) 
We have at, t = 0, v =-coA sin (j) =-u max . 

This requires <j> =90°, so x =A cos (cot +90°) 

-> x =A cos ^oot +y j. 


xt • u u fF 150.0 N/m 1nn 

Numerically we have oo =,/— = --— =10.0 s 

V m y 0.500 kg 

and v max =ooA -> 20.0 m/s =(l0.0 s~ J ) A -> A =2.00 m. 


So 


x =2 cos | 101 +—J 


where X is in meters and t in seconds. 


(b) Using —mv 2 +—kx 2 =-kA 2 , we require —kx 2 =3^-mv‘ 

which implies -f-/cx 2 l +-kx 2 =-kA 2 -> -x 2 =A 2 
^ 3l2 j 2 2 3 


which gives x =+|^v4 = 40.866(2.00 m) = | ±1.73 m] 

(c) The particle's position is given by x =2 cos ^10f +^-j. 

The particle is at X = 0 when 

lot +- ...-> lot =0, n, 271,471... 

2 2 2 2 

At t = 0, the particle is at the origin, but moving to the left. The 
next time the particle is at the origin is when lOt = n when it is 
moving to the right. 

The particle is first at X = 1.00 m when lOt +— =— +— =11^ _ 
r 2 2 3 6 

4 JZ 

So then, lOt =—. 

3 

The minimum time required for the particle to move from X = 0 
to X = 1.00 m is 

lOAf =— -7T=-^At=— =|0.105 s =105 ms| 

3 3 30 - 
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(d) 0 ,=M^L=A= 9 -^£= I 0.098 0m | 

VL O) 2 (lO s 1 ) 1 - 1 

P15.80 (a) The block moves with the board in what we take as the positive x 

direction, stretching the spring until the spring force -kx is equal 
in magnitude to the maximum force of static friction: 

kx =fJ 5 n =/J s mg 


This occurs at 


x= im. 


(b) Since V is small, the block is nearly at the rest at this break point. It 
starts almost immediately to move back to the left, the forces on it 
being -kx and +fJ k mg. While it is sliding the net force exerted on 
it can be written as 


F„ =-kx +nmg =-kx =-*(*-Ml 

=~kx rel 


where X rel is the excursion of the block away from the point 


V k mg 

k 


Conclusion: the block goes into simple harmonic motion centered 
about the equilibrium position where the spring is stretched by 
Wig 
k 


(c) The graph of the motion looks as shown in ANS. FIG. P15.80(c): 



block inSHM 
k it springs back 


ANS. FIG. P15.80(c) 

(d) The amplitude of its motion is its original displacement, 

A = because the block has been pulled out to 

x , then it goes into simple harmonic motion centered 

about x=Wt, 
k 
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Chapter 15 843 


P15.81 


It first comes to rest at spring extension 


Wig a= (2 p k ~p s )mg 


Almost immediately at this point it latches onto the slowly- 
moving board to move with the board. The board exerts a force of 
static friction on the block, and the cycle continues. 

(e) The time during each cycle when the block is moving with the 
1ia 2A _ 2(p s - p k )mg 
kv 

springing back is one half a cycle of simple harmonic motion, 
lf«_ i'« \" 1 I (because the block slides from +A to -A 


board is — = - 


. The time for which the block is 


If „ fin fin) , 


during its SHM). We ignore the times at the end points of the 
motion when the speed of the block changes from v to 0 and from 


0 to V. Since V is small compared to 
negligible. Then the period is 
rr _2(p s -p k )mg , 


KyfmJk 


, these times are 


■Jl 


(a) Let £ represent the length below water at equilibrium and M the 
tube's mass: 

=0 => +pnr 2 ig =0 
Now with any excursion X from equilibrium 
-Mg +pnr 2 [£-x)g =Ma 
Subtracting the equilibrium equation gives 


-pnr 2 gx =Ma - 


pnr g 
M 


The opposite direction and direct proportionality of a to x 
imply SHM. 

(b) For SHM, F =-kx =ma -»a =-{k/m)x =-co 2 x: the coefficient of x 
is the square of the angular frequency: 


Ip”r 2 g ^ T _2n _ 

2 

prM 

V M (0 


Pg 
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P15.82 


P15.83 


From the oscillator information, find the natural frequency of the 
oscillator: 


= IT = fiao 

W ° ~\m ~]j 0.0C 


N/m 


= 100 s" 1 


3.001 kg 

From the measurement information, find the value of b/2m: 
X max (23.1 ms) _ A g~(b/2m)(0.023 1 s) 


«( 0 ) 


= 0.250 = 


Ae° 


Solving, 


b_ 

2m 


In (0.250) 
0.0231 s 


= 60.0 s" 1 


If the damping constant is doubled, b/2m =120 s” 1 . In this case, 
however, b/2m >co 0 and the system is overdamped. Your design 
objective is not met because the system does not oscillate. 


The effective spring constant of a ball is 


k 


|F| _ 1.60 xlO 3 N 
|x| 0.200 xl0“ 3 m 


=80.0 MN/m 


The half-cycle is from the equilibrium position of the model spring to 
maximum compression and back to equilibrium again. The time is 
one-half the period: 


-T =-{2n) 
2 2 



0.067 4 kg 
80.0xlO 6 N/m 


|9.12xl0~ 5 s | 
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Challenge Problems 


(a) A K +AU =0 

Thus, K top +U top =K bot +U hot 
where K top =U hot =0. 

Therefore, mgh =^Io) 2 , but 

h =R-RcosO =R(l-cos0) 



ANS. FIG. P15.84 


and I =^~ +— +r 
2 2 

Substituting, we find 




mgR( 1-cos o) =|^ 
and v 2 =4gRf 


4 4.R 2 2 


1-COS0 


M/m+r 2 /R 2 +2 ) 


p=2 

Rg( 1- cos o) 

1/2 

M/m +r 2 /R 2 +2 



(b) T =2x] - *— 

Substituting m T =m +M and solving for d CM gives 
j _mR+M{ 0) 

“cm , , 

m +M 

The period is then 


I 1 MR 2 + 1 mr 2 +mR 2 

—Ivk 

I^MR 2 +2 mR 2 +mr 2 ) 

i mgR 

\ 

| mgR 


2 it 

~[M+2m)R 2 +mr 2 ' 

1/2 

2 mgR 
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846 Oscillatory Motion 


P15.85 


(a) Total energy =^kA 2 =^(l00 N/m)(0.200 m) 2 =2.00 J. 

At equilibrium, the total energy is: 

^{m l +m 2 )v 2 =^(l6.0 kg)v 2 =(8.00 kg)v 2 
Therefore, 

(8.00 kg)v 2 =2.00 J, and v = | 0.500 m/s | 

This is the speed of m 1 and m 2 at the equilibrium point. Beyond 
this point, the mass m 2 moves with the constant speed of 
0.500 m/s while mass m 1 starts to slow down due to the restoring 
force of the spring. 

(b) The energy of the m,-spring system at equilibrium is: 

^m{ 0 2 =^-(9.00 kg)(0.500 m/s) 2 =1.125 J 

This is also equal to -^k(A') 2 , where A' is the amplitude of the 
m,-spring system. 

Therefore, 

^(100)(A') 2 =1.125 or A' =0.150 m 


The period of the /T),-spring system is 

T =2n =2 jc j 9 ' 00 =1.885 j 

\ k V100 N/m 


and it takes -^T =0.471 s after it passes the equilibrium point for 

the spring to become fully stretched the first time. The distance 
separating m 1 and m 2 at this time is 

D =v^jj-A' =(0.500 m/s)(0.471 s)-0.150 m 

=0.085 6 m = 8.56 cm | 
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P15.86 


The time interval for your competitor's package to arrive is half of the 
orbital period found from Kepler's third law. Equation 13.11: 


At = 


T = 

2 


1 

2 




Now, consider your proposal. The force on the package at an arbitrary 
position r is 


1 r 2 r 2 l StrI) e R 3 p 


This force is of the form of Hooke's law! The "spring constant" for this 
motion is 


Because the force on the package is a Hooke's-law force, the package 
will oscillate between opposite points on the Earth in simple harmonic 
motion. To deliver the package to the other side of the Earth, someone 
must grab the package before it begins its return journey. The time 
interval for the package to travel to the other side of the Earth is 
half of a period of oscillation: 



This is exactly the same time interval as for your competitor, so you 
have no advantage! In fact, you have the disadvantage of the initial 
capital outlay to bore through the entire Earth! 


P15.87 (a) For each segment of the spring: 

dK =—(dm)v 2 
2 ' * 

Also, 



ANS. FIG. P15.87 


v r =—v and dm =—dx 

x t t 

Therefore, the total kinetic energy of the block-spring system is 


1 2 1 f f x 2 v 2 ^ m 

if m\ 2 

K =-Mv +- f — 5 — — dx = 

- M - 1 — \ v 

2 2 i{f)£ 

2 l 3 J 
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( b ) £9= j ~~ and \ m *° 2 + j ) v * 

Therefore, 


co 

P15.88 (a) Note that as the spring passes through the vertical position, the 

object is moving in a circular arc of radius L -y fr where the y 
coordinate of the object at this point must be negative ( y f < 0). 
When the object is at y f , the spring is stretched X =y f - L. At 
position y f , the spring is stretched and exerting an upward 
tension force of magnitude greater than the object's weight. This 
is necessary so the object experiences a net force toward the pivot 
to supply the needed centripetal acceleration in this position. This 
is summarized by Newton's second law applied to the object at 
this point, stating (remember, y f is negative) 

, mvl 

ZjF v =ma —> -ky f - mg =——— [1] 

L Vf 

The system is isolated, so conservation of energy requires that 
E =KE t +PE gi +PE si =KE f +PE gf +PE sf 
or 

E =0 +mgL +0 =^mv 2 +mgy f +^ky 2 
reducing to 

2 mg(L-y f )=mv 2 +ky 2 f [2] 

From equation [1], observe that mv 2 =-(L - y f )(ky f +mg ). 
Substituting this into equation [2] gives 
2 mg(L-y f ) =-{L-y f )(ky f +mg)+ky f 
After expanding and regrouping terms, this becomes 
(2 k)y 2 +(3mg-kL)y f +(-3 mgL) =0 
which is a quadratic equation ay 2 +by f +c =0, with 
a =2 k =2(1250 N/m) =2.50 xlO 3 N/m 


2!r JM^3 
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b =3mg-kL =3(5.00 kg)(9.80 m/s 2 )-(l 250 N/m)(l.50 m) 
=-1.73 xlO 3 N 

and 

c =-3 mgL =-3(5.00 kg)( 9 .80 m/s 2 )(l.50 m) =-221 N-m 

Applying the quadratic formula, keeping only the negative 
solution [see the discussion in part (a)], and suppressing units, 
gives 

-b-y/b 2 -4ac 
y f= - la - 

_-(-1.73 x 10 3 )- yj(-1.73 x 10 3 ) 2 - 4(2.50 x 10 3 )(-22l) 

~ 2(2.50 xlO 3 ) 


or |i i f =-0.110 m| 

(b) Because the length of this pendulum varies and is longer 
throughout its motion than a simple pendulum of length L , 
| its period will be longer | than that of a simple pendulum. 


P15.89 


(a) The period of the pendulum is 
given by 

t=i 4 

and changes as ANS. FIG. P15.89 

dT _ n 1 dL 
dt yfg yfL dt 



We need to find L ( t) and —. From the diagram in ANS. FIG. 
dt 

P15.89(a), 


L =L t +--- 
1 2 2 


and 


dL 

dt ~ {2jdt 


n ,dM dV dh , 

But-=p— =-pA —. Therefore, 

dt dt dt 

dh _ _ \_dM dL J_J_)dM 

dt pA dt dt ylpAJ dt 


[ 2 ] 
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Also, 


jdl 

.-p_Y 

—it = 

=L — 

L i 

h 

l2pAjl 

dt J 



Substituting equations [2] and | 

3] into [1] gives: 

dT 

= ” P- 

V dM 

h 

1 

dt 

VR 2 p^ 

dt 

, +(t /2pa 2 )[dM/dt) 

Integrating, we get 




T — 

_ K ( 1 

\fdM\ 

r 

dt 

I — 


\{ dt J' 


+[t / 2pa 2 )[dM / dt) 

T = 

Mf 1 

\(dM\ 

2 ft 

+(t / 2pa 2 )[dM / dt) 


Jg{ 2 p« 2 y 

K dt J 

(l/2pa 2 )[dM/dt) 


2n 

l L+ i | 

fdM^ 

If 

a/Jv 

1 2 pa 2 1 

K dt J 



[ 3 ] 


(b) When the liquid is gone, the CM of the bob is suddenly again at 
the center of the cube. We had ignored the mass of the cube up 
until now since it was small compared to the mass of the liquid. 
Thus, once the liquid is gone, L =L j . 
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lNSWERS to even-numbered problems 


P15.2 1.59 k N/m 

P15.4 (a) 4.33 cm; (b) -5.00 cm/s; (c) -17.3 cm/s 2 ; (d) 3.14 s; (e) 5.00 cm 

P15.6 (a) 18.8 m/s; (b) 7.11 km/s 2 

P15.8 (a) 2.40 s; (b) 0.417 Hz; (c) 2.62 rad/s 

P15.10 39.2 N 

P15.12 (a) 15.8 cm; (b) 51.1 m; (c) -15.9 cm; (d) 50.8 m; (e) The patterns of 

oscillation diverge from each other, starting out in phase but becoming 
completely out of phase. To calculate the future, we would need exact 
knowledge of the present; an impossibility. 

P15.14 (a) motion is periodic; (b) 1.81 s; (c) The motion is not simple harmonic. 

The net force acting on the ball is a constant given by F = -mg (except 
when it is in contact with the ground), which is not in the form of 
Hooke's law. 

P15.16 (a) See P15.16(a) for complete solution; (b) See P15.16(b) for complete 

solution 

P15.18 (a) 1.26 s; (b) 0.150 m/s, 0.750 m/s 2 ; (c) x =3.00 cos (5.00f +n), 

-15.0 sin (5.00f +n), and -75.0 cos (5.00 1 +n) 

P15.20 (a) yes; (b) We see that finding the period does not depend on knowing 

the mass: T = 0.859 s. 

P15.22 (a) 126 N/m; (b) 0.178 m 

P15.24 (a) 0.153 J; (b) 0.784 m/s; (c) 17.5 m/s 2 

P15.26 (a) E increases by a factor of 4; (b) V max is doubled; (c) a max also doubles; 

(d) the period is unchanged. 

P15.28 (a) 100 N/m; (b) 1.13 Hz; (c) 1.41 m/s; (d) X = 0; (e) 10.0 m/s 2 ; 

(f) ±0.200 m; (g) 2.00 J; (h) 1.33 m/s; (i) 3.33 m/s 2 

P15.30 (a) Particle under constant acceleration; (b) 1.50 s; (c) isolated; 

(d) 73.4 N/m; (e) 19.7 m below the bridge; (f) 1.06 rad/s; (g) +2.01 s; 

(h) 3.50 s 

P15.32 (a) 5.98 m/s; (b) 206 N/m; (c) 0.238 m 

P15.34 1.0015 
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P15.38 

P15.40 

P15.42 

P15.44 

P15.46 

P15.48 

P15.50 

P15.52 

P15.54 

P15.56 

P15.58 

P15.60 

P15.62 

P15.64 

P15.66 

P15.68 

P15.70 


Oscillatory Motion 



(a) 2.09 s; (b) 4.08% 

For Length, L (m): 1.000, 0.750, 0.500 and Period, T (s): 2.00,1.73,1.42; 

(b) For Period T(s): 2.00,1.73,1.42 and g (m/s 2 ): 9.87,9.89,9.79. This 
agrees with the accepted value of g = 9.80 m/s 2 within 0.5%; 

(c) 9.94 m/s 2 

1.00 x 10" 3 s' 1 

AE 2 n 

— =-bv 2 <0 
dt 

(a) 1.19 Hz; (b) 17.5 cm 
318 N 

See P15.54 for complete solution. 

0.919 x 10 14 Hz 

(a) 0.368 m/s; (b) 3.51 cm; (c) 40.6 mj; (d) 27.7 mj 

(a) 4.31 cm; (b) When the rock is on the point of lifting off, the 
surrounding water is also barely in free fall. No pressure gradient 
exists in the water, so no buoyant force acts on the rock. The effect of 
the surrounding water disappears at that instant. 

(a) See P15.62(a) for complete solution; (b) 1.04 m/s; (c) 3.40 m 
(a) A = 2.00 cm; (b) T = 4.00 s; (c) ^ rad/s; (d) nc m/s; 

(e) 4.93 cm/s 2 ; (f) x =2.00sinj, where X is in centimeters and t is 

in seconds 

Mg 

4 7T 2 / 2 
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P15.72 (a) £F =-^j; (b) ffl = W 

L \mL 

P15.74 If he encounters washboard bumps at the same frequency as the free 
vibration, resonance will make the motorcycle bounce a lot. It may 
bounce so much as to interfere with the rider's control of the machine; 
-10 1 m. 


P15.76 (a) See ANS. FIG. P15.76(a); (b) 1.74 N/m ± 6%; (c) See table in 

P15.76(c); (d) See table in P15.76(d); (e) See ANS. FIG. P15.64(e); 
(f) 1.82 N/m ± 3%; (g) they agree; (h) 8 grams ± 12% in agreement 

P15.78 (a) 5.20 s; (b) 2.60 s; (c) =!&!* 

A 2 E 


P15.80 

P15.82 


P15.84 


See P15.80 for complete solution. 

If the damping constant is doubled, b/2 m = 120 s' 1 . In this case, 
however, b/2m >(o 0 and the system is overdamped. Your design 
objective is not met because the system does not oscillate. 


(a) * =2 


Rg( 1- cos 6 ) 
M/m +r 2 /R 2 +2 


1/2 

; (b) 2 n 


[M +2 m)R 2 +mr 2 
2 mgR 


P15.86 This is exactly the same time interval as for your competitor, so you 
have no advantage! In fact, you have the disadvantage of the initial 
capital outlay to bore through the entire Earth! 

P15.88 (a) i jf =-0.110 m; (b) its period will be longer 
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OQ16.4 


the largest wavelength. 

(iii) The ranking is (e) > (d) > (a) = (b) = (c). Look at the coefficients 
of t. The absolute value of each is the angular frequency co = Inf. 

(iv) The ranking is (a) = (b) = (c) > (d) > (e). Period is the reciprocal 
of frequency, so the ranking is the reverse of that in part (iii). 

(v) The ranking is (c) > (a) = (b) = (d) > (e). From v =//l =(0 / k, we 
compute the absolute value of the ratio of the coefficient of t to 
the coefficient of x in each case: (a) 5, (b) 5, (c) 7.5, (d) 5, (e) 4. 


Answer (b). From 



of 4 to make v double. 


we must increase the tension by a factor 


OQ16.5 Answer (b). Wave speed is inversely proportional to the square root 
of linear density. 

OQ16.6 Answer (b). Not all waves are sinusoidal. A sinusoidal wave is a 

wave of a single frequency. In general, a wave can be a superposition 
of many sinusoidal waves. 

OQ16.7 (a) through (d): Yes to all. The maximum element speed and the 

wave speed are related by v y max =coA =2 nfA =2nvA / A. Thus the 
amplitude or the wavelength of the wave can be adjusted to make 
either V y max or V larger. 

OQ16.8 Answer (c). The power carried by a wave is proportional to its 
frequency, wave speed, and the square of its amplitude. If the 
frequency does not change, the amplitude is increased by a factor of 
y/l. The wave speed does not change. 

OQ16.9 Answer (c). The distance between two successive peaks is the 
wavelength: A = 2 m, and the frequency is 4 Hz. The frequency, 
wavelength, and speed of a wave are related by the equation /A =v. 


lNSWERS to conceptual questions 


CQ16.1 Longitudinal waves depend on the compressibility of the fluid for 
their propagation. Transverse waves require a restoring force in 
response to shear strain. Fluids do not have the underlying structure 
to supply such a force. A fluid cannot support static shear. A viscous 
fluid can temporarily be put under shear, but the higher its viscosity 
the more quickly it converts kinetic energy into internal energy. A 
local vibration imposed on it is strongly damped, and not a source of 
wave propagation. 
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CQ16.2 


CQ16.3 

CQ16.4 

CQ16.5 

CQ16.6 


CQ16.7 


CQ16.8 


CQ16.9 


The type of wave you generate depends upon the direction of the 
disturbance (vibration) you generate and the direction of its travel 
(propagation). 

(a) To use a spring (or slinky) to create a longitudinal wave, pull a 
few coils back and release. 

(b) For a transverse wave, jostle the end coil side to side. 

It depends on from what the wave reflects. If reflecting from a less 
dense string, the reflected part of the wave will be right side up. A 
wave inverts when it reflects off a medium in which the wave speed 
is smaller. 

The speed of a wave on a "massless" string would be infinite! 

Since the frequency is 3 cycles per second, the period is 1/3 second = 
333 ms. 

(a) and (b) Each element of the rope must support the weight of the 
rope below it. The tension increases with height. (It increases 

linearly, if the rope does not stretch.) Then the wave speed v = 

increases with height. 

As the pulse moves down the string, the elements of the string itself 
move side to side. Since the medium—here, the string—moves 
perpendicular to the direction of wave propagation, the wave is 
transverse by definition. 

No. The vertical speed of an element will be the same on any string 
because it depends only on frequency and amplitude: 

V y max =03 A =2 JtfA 

The elements of strings with different wave speeds will have the 
same maximum vertical speed. 

(a) Let At =t s - t p represent the difference in arrival times of the 
two waves at a station at distance d = v s t s = v p t p from the focus. 

Then d =At 

(b) Knowing the distance from the first station places the focus on a 
sphere around it. A measurement from a second station limits it 
to another sphere, which intersects with the first in a circle. Data 
from a third non-collinear station will generally limit the 
possibilities to a point. 
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SOLUTIONS TO END-OF-CHAPTER PROBLEMS 


Section 16.1 Propagation of a Disturbance 

P16.1 The distance the waves have traveled is d = (7.80 km/s)t = 

(4.50 km/s)(t + 17.3 s), where t is the travel time for the faster wave. 

Then, (7.80- 4.50)(km/s)f =(4.50 km/s)(l7.3 s) 


or 


, (4.50 km/s)(l7.3 s) , 

t -r-=23.6 s 

(7.80-4.50) km/s 


and the distance is d =(7.80 km/s)(23.6 s) = | 184 km~| 


P16.2 (a) ANS. FIG. P16.2(a) shows the sketch of y(x,t) at t = 0. 

y (m) 



ANS. FIG. P16.2(a) 


(b) ANS. FIG. P16.2(b) shows the sketch of y(x,t) at t = 2.00 s. 
y (m) 

0.8 


0.0 


ANS. FIG. P16.2(b) 



(c) 


The graph in ANS. FIG. P16.2(b) has the same amplitude 
and wavelength as the graph in ANS. FIG. P16.2(a). It 
differs just by being shifted toward larger x by 2.40 m. 


(d) [The wave has travelled d =vt =2.40 m to the right.| 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 































858 


Wave Motion 


P16.3 We obtain a function of the same shape by writing 

y(Xft) = -F~, 7^ =f 

[(x-x 0 ) +3] 

where the center of the pulse is at x 0 = 4.50b Thus, we have 

_ 6 

V ”[(x-4.50f) 2 +3] 

Note that for y to stay constant as t increases, x must increase by 4.50t, 
as it should to describe the wave moving at 4.50 m/s. 

P16.4 (a) The | longitudinal Pwave | travels a shorter distance and is 

moving faster, so it will arrive at point B first. 

(b) The P wave that travels through the Earth must travel 

a distance of 2R sin 30.0° =2(6.37 x 10 6 m)sin 30.0° =6.37 x 10 6 m 
at a speed of 7 800 m/s. 

Therefore, it takes A t p = 6-37*10 m = 317 s 
P 7 800 m/s 

The Rayleigh wave that travels along the Earth's surface must 
travel a distance of 

s =R6 =R^| radj =6.67xlO 6 m 

at a speed of 4 500 m/s. 

Therefore, it takes A t s = 6-67x10 m _ 1 432 s . 

s 4 500 m/s 

The time difference is AT =A t s - At p = | 666 s | =11.1 min. 


Section 16.2 Analysis Model: Traveling Wave 

P16.5 Compare the specific equation to the general form: 

y = (0.020 0 m) sin (2.11x - 3.621) = y = A sin (kx - cot + p) 
(a) 4 ^ 2.00 cm | 
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(b) k =2.11 rad/m —> A =— = | 2.98 m j 


(c) co =3.62 rad/s -> / =— = 0.576 Hz 
2 7T 1 - 1 


£9 27T 3.62 


(d) 9 =n =—— =— = 1.72 m/s 

J In k 2.11 I-I 


P16.6 (a) ANS. FIG. P16.6(a) shows the snapshot of a wave on a string. 



ANS. FIG. P16.6(a) 

(b) ANS. FIG. P16.6(b) shows the wave from part (a) one-quarter 
period later 



ANS. FIG. P16.6(b) 

(c) ANS. FIG. P16.6(c) shows a wave with an amplitude 1.5 times 
larger than the wave in part (a). 



ANS. FIG. P16.6(c) 

(d) ANS. FIG. P16.6(d) shows a wave with wavelength 1.5 times 
larger than the wave in part (a). 



ANS. FIG. P16.6 (d) 
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(e) ANS. FIG. P16.6(e) shows a wave with frequency 1.5 times larger 
than the wave in part (a): The wave appears the same as in ANS. 
FIG. P16.6(a) because this is a snapshot of a given moment. 


ANS. FIG. P16.6(e) 

P16.7 The frequency of the wave is 

. 40.0 vibrations 4 

7 30.0 s 3 

as the wave travels 425 cm in 10.0 s, its speed is 
425 cm 

v =-=42.5 cm/s 

10.0 s 

and its wavelength is therefore 

v 42.5 cm/s i - — -1 

A =— =-=31.9 cm = 0.319 m 

/ 1.33 Hz 1 - 1 

P16.8 Using data from the observations, we have A =1.20 m and 
f 8.00 crests 8.00 cycles 8.00 _ T 
7 12.0 s 12.0 s 12.0 

Therefore, v =A/ =(l.20 Hz j = | 0.800 m/s | . 

P16.9 (a) We note that sin# =-sin(-#) =sin(-# +n), so the given wave 

function can be written as 

y(x,t) =(0.350)sin(-107Tf +3 nx +k-k / 4) 

Comparing, 10 nt- 7>nx +/r/4 =kx - cot +(j). For constant phase, x 
must increase as t increases, so the wave travels in the positive x 
direction. Comparing the specific form to the general form, we 
find that 


CO 107T 


k 3 k 
Therefore, the velocity is 


= 3.33 m/s. 


i3.33i m/s 
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P16.10 


P16.ll 


(b) Substituting t = 0 and x = 0.100 m, we have 

y(0.100 0) =(0.350 m) sin ^-0.300 tt +^j =-0.054 8 m 
= | -5.48 cm | 

(c) k =^ =3 n: l = | 0.667 m | co =2 nf =10 n: f = | 5.00 Hz | 

(d) v =a{- =(0.350)(10tt) cos f lOnt- 3 k x +—] 

at \ 4 ) 

Vy , max =(107 t)( 0.350) = | 11.0 m/s~| 


The speed of waves along this wire is 

v =/A =(4.00 Hz)(60.0 cm) =240 cm/s = | 2.40 m/s | 

(a) co =2 nf =2 n (5.00 s' 1 ) =| 31.4 rad/s] 


v 20.0 m/s 

A, =— =-— =4.00 m 

/ 5.00 s" 1 


(c) 


2 n _ 2 n 
A, 4.00 m 


= | 1.57 rad/m 


In y =A sin ( kx-cot +(/)) we take A = 12.0 cm. At X = 0 and t = 0 
we have y =(l2.0 cm) sin p. To make this fit y = 0, we take p =0. 
Then 


y =0.120 sin (1.57x - 31 At), where x and y are in meters and t is 
in seconds 


(d) The transverse velocity is ^ =-Aoo cos [kx-cot). 

dt 

Its maximum magnitude is 

Aco =(l2.0 cm)(31.4 rad/s) = | 3.77 m/s | 

(e) a =—^~ =^-[-Aco cos [kx-cot)] =-Aco 2 sin [kx-cot) 

ot ot 


The maximum value is Aco 2 =(0.120 m)(31.4 s 1 ) 2 =| 118 m/s 2 | 
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P16.12 


P16.13 


P16.14 


At time t, the motion at point A, where X = 0, is 
y A =(l.50 cm)cos(-50.3f) 

At point B, the motion is 

y B =(l5.0 cm)cos(l5.7x B -50.3f) =(l5.0 cm)cos^-50.3f 
which implies 


15.7x B =(l5.7 m _1 )x B =±^ 

or x B =-0.066 7 m = | d6.67 cm] 

(a) /= - = MA S ) = ro500HT] 

J A 2.00 m I-1 


(b) co =2 nf =2n (0.500/s) =/r/s =1 3.14 rad/s I 


(c) k =^~ = z -- ^ n — =7r/m =1 3.14 rad/m I 

A 2.00 m 7 I- - -1 

(d) y = A sin ( kx -cot +</>) becomes 

y = | 0.100sin(;rx-7rt)~| 

(e) For X = 0 the wave function requires 

| y =0.100 sin (ref)] 

(f) | y =0.100sin(4.71- nt) \ 


(g) v y =^ =0.100 m(-3.14/s)cos(3.14x/m-3.14f/s) 

The cosine varies between +1 and -1, so maximum 
v y = |0.314 m/s] . 

(a) ANS. FIG. P16.14 shows the y vs. t plot of the given wave. 



ANS. FIG. P16.14 
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P16.15 


P16.16 


(b) The time from one peak to the next one is 
j = | 0.125 s | 


co 50.3 s 


(c) [This agrees with the period found in the example in the text. | 
The wave function is given as 

y =( 0.120 m) sin f—x +4nt\ 


(a) We differentiate the wave function with respect to time to obtain 
the velocity: 

v v =(0.120)(4tt) cos +4nt j 

v (0.200 s, 1.60 m) = | -1.51 m/s | 

(b) Differentiating the velocity function gives the acceleration: 

a= ^~ : a =(-0.120 m)(47r) 2 sin \^x +47rfj 
a (0.200 s, 1.60 m) =[o] 


(c) 

, Jt 2 K 

k= ~rr- 

A = 16.0 m 

(d) 

s 

ii 

II 

: T = 0.500 s 


. . A 16.0 m | — - -— 

(e) v =— =-= 32.0 m/s 

T 0.500 s 1 - — 


(a) At X = 2.00 m, y = | 0.100sin(l.00-20.0f) | . Because this 

disturbance varies sinusoidally in time, it describes simple 
harmonic motion. 

(b) AtX = 2.00 m, compare y =0.100sin(l.OO-20.Of) to Acos(cot +p ): 

y = 0.100 sin(l. 00 - 20 . 0 f)=- 0 . 100 sin( 20 . 0 f- 1 . 00 ) 
= 0 . 100 cos( 20 . 0 f - 1.00 +Jt) 

=0.100cos(20.0f+2.14) 


so co =20.0 rad/s and / =^~ = | 3.18 Hz~| 
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P16.17 


P16.18 


The wave function is: y = 0.25 sin (0.30X - 401) m 
Compare this with the general expression y = A sin (kx - cot): 
(a) A =1 0.250 m I 


(b) co = 40.0 rad/s 


(c) k = 0.300 rad/m 


(d) A =— =-—-= 

v ’ k 0.300 rad/m 


(e) v 


=fX = {^Y = ( 4 °'° 2 ” d/S )(2Q.9 m) = | 133 m/s 


(f) The wave moves to the right, | in the +x direction | . 

(a) ANS. FIG. P16.18(a) shows a sketch of the wave at t = 0. 


-0.2 

-0.3 








/ 




^ N 


/ 






0 


^ 0 

3 / o! 

4 0. 

5 0.5 














x(m) 

ANS FIG. P16.18(a) 


(b) t= ^E = ^L_ 
X 0.350 m 


= 18.0 rad/m 


(c) T = 


1 


/ 12.0/s 


- = 0.083 3 s 


(d) to =2 k f =2n 12.0/s = | 75.4 rad/s | 

(e) (e| =/A =(l2.0/s)(0.350 m) =| 4.20 m/s | 


(f) y =A sin (fcc +cof +0) specializes to 

|y~=(0.200 m) sin (l8.0x/m +75.4f/s +0~)| 
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P16.19 


P16.20 


(g) At X = 0, t = 0 we require 

-3.00 x 1CT 2 m =(0.200 m) sin (■*$) 
0 =-8.63° =-0.151 rad 


so 

y(x, t) =0.200 sin (l8.0x +75.41-0.151), where x andy are in 
meters and t is in seconds. 

Using the traveling wave model, we can put constants with the right 
values into y =A sin (kx +cot +0) to have the mathematical 
representation of the wave. We have the same (positive) signs for both 
kx and cot so that a point of constant phase will be at a decreasing value 
of x as t increases—that is, so that the wave will move to the left. 

The amplitude is A = y max = 8.00 cm = 0.080 0 m 

The wave number is k =— =——— =2.507T m -1 

A, 0.800 m 

The angular frequency is co =2nf —2k (3.00 s _1 ) =6.00/r rad/s 

(a) In y =A sin (kx +cot +0), choosing 0=0 will make it true that 
y(0, 0) = 0. Then the wave function becomes upon substitution of 
the constant values for this wave 

| y =(0.080 0 )sin (2.50k x +6.00k t) | 

(b) In general, y =(0.080 0)sin(2.50^x +6.00 Kt +0) 

If y(x, 0) = 0 at X = 0.100 m, we require 

0 =(0.080 O)sin( 2 . 5 O 7 r+ 0 ) 

so we must have the phase constant be 0 =-0.250;r rad. 

Therefore, the wave function for all values of x and t is 

y =0.080 0 sin (2.50;rx +6.00 Kt- 0.2507t), where x and y are in 
meters and t is in seconds. 

(a) Let us write the wave function as y(x,t) =Asm(kx +cot +0). 

We have y, =y (o, o) =A sin 0 =0.020 0 m 

and v { =u(o, o) =^h =Aco cos 0 =-2.00 m/s. 
dt \ 0,0 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 






866 Wave Motion 


Also, (o 


2 tt In 
' T 7 ^ 0.025 0,s 


=80.07r s \ 


Use the identity sin 2 0 +cos 2 (/> =1 and the expressions for y, and 
Vf. 


(A sin 4 i ) 2 (Aco cos <^) 2 _ 

A 2 + AW =1 

(a sin t f =A> 

A 2 =y 2 +f Y =(0.020 0 m) 2 tU 2 ' 00 m/s Y 

\CO J ' 

A = | 0,021 5 m] 


coy co\A sin 6) 

(b) -Jb. =—i-^ =tan (f) -> tan 0 = 

v { co A cos </> 


80.0tt s 1 J 

80.0^(0.020 0 ) _ 
- 2.00 


-2.51 


Your calculator's answer 0 = tan 1 (-2.51) = -1.19 rad is an angle 
in the fourth quadrant with a negative sine and positive cosine, 
just the reverse of what is required. Recall on the unit circle, an 
angle with a negative tangent can be in either the second or 
fourth quadrant. The sine is positive and the cosine is negative in 
the second quadrant. The angle in the second quadrant is 

0 =n -1.19 rad = | 1.95 rad~| 


(c) v yi max =Aco =(0.021 5 m)(80.07T/s) = | 5.41 m/s | 

(d) X =v x T =(30.0 m/s)(0.025 0 s) =0.750 m 


k = 2 tt = In =g 3g m -i m =80 0jj; s -i 
X 0.750 m 

\y[x, t) =(0.021 5) sin (8.38x +80.0^f +1.95)| 
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Section 16.3 The Speed of Transverse Waves on Strings 
P16.21 If the tension in the wire is T, the tensile stress is 
T 

stress =— so T = A (stress) 


The speed of transverse waves in the wire is 



| A (Stress) 

j Stress 

1 Stress 1 

m/L V 

ml AL ]j 

m / Volume ]J 


where p is the density. The maximum velocity occurs when the stress 
is a maximum: 


2.70 x10 s Pa 


\j 7860 kg/m 3 
P16.22 The speed is given by 


=| 185 m/s | 


_ lz _ Cl 

Vy-jii — 'y si 


_ I 1350 kg-m/s 2 _r 


5.00x10 kg/m 
P16.23 The two wave speeds can be written as 

v x =JTjJl and v 2 =^T 2 /p 
T T 

Since £i is constant, jU =-§- =- 7 , and 

v, v: 


520 m/s | 


J Vf J 3O0m/sf ( J 

z [v,) 1 [ 20.0 m/s J 1 - 1 


P16.24 (a) For the first equation. 


/ 


1 


| units are seconds] 


T "7 ^ [rl= I7T^ =T 


IT „ 2 rrrl r 21 M/L V ML 

T=t,v -* |r| ’^= 

[units are newtons | 

(b) | The first T is period of time; the second is force of tension. | 
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P16.25 


P16.26 


P16.27 


The down and back distance is 4.00 m + 4.00 m = 8.00 m. 

The speed is then v = = 4 ^'°° m ) = 40.0 m/s = 1^-. 

r t 0.800 s ' yju 

Now, j u = ^ =5.00 x 10 -2 kg/m. 

4.00 m 6 

So T = pv 2 = (5.00 x 10~ 2 kg/m)(40.0 m/s) 2 = | 80.0 N | , 

(a) To write the equation, we determine the angular frequency and 
wave number: 

co =2nf =2^(500 Hz) =3 140 rad/s 

, (o 3 140 

k =— =-=16.0 m 

v 196 


y =(2.00 x 10" 4 )sin(l6.0x - 3140f), where y and x are in meters 
and t is in seconds. 


(b) v =196 m/s 


-£ 


» T = | 158 N| 


y4.10xl0“ 3 kg/m 
The total time interval is the sum of the two time intervals. 
In each wire 


= k =L^ 

v \T 


At = 

v 

Let A represent the cross-sectional area of one wire. The mass of one 
wire can be written both as m=pV =pAL and also as m =jjL. 


Then we have p =pA 


_npd 2 


Thus, At =L{ npd 
y 4T 

For copper. 


At =(20.0 m) 


(n )(8 920 kg/m 3 )(l.00x 10~ 3 m) 5 


(4)(150N) 
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P16.28 


P16.29 


For steel. 


At =(30.0 m) 


[n)(7 860 kg/m 3 )(l.00x 10~ 3 m) 2 


(4)(150N) 


The total time interval is 0.137 +0.192 = | 0.329 s~| 


The tension in the string is T = mg, where g is the acceleration of 
gravity on the Moon, about one-sixth that of Earth. From the data 
given, what is the acceleration of gravity on the Moon? 

The wave speed is 

= IT = IWg ~ = i MgL _L MgL J}_ _ mL 

v \ p V- m/L y m ~t~^ m ~ t 2 ^ 8 ~Mt 2 


mL _(4.00xl0“ 3 kg)(1.60 m) 
Mt 2 (3.00 kg)(26.1xl0 -3 s) 2 


=3.13 m/s 2 


The calculated gravitational acceleration of the Moon is almost twice 
that of the accepted value. 

(a) The tension in the string is 

F =mg =(3.00 kg)(9.80 m/s 2 ) =29.4 N 


Then, from 



the mass per unit length is 


_ F _ 29.4 N 

^ v 2 (24.0 m/s) 2 


| 0.0510 kg/m 


(b) When m = 2.00 kg, the tension is 

F =mg =(2.00 kg)(9.80 m/s 2 ) =19.6 N 


and the speed of transverse waves in the string is 

v = M = I 19-6 N - =119.6 m/s I 
V p \ 0.0510 kg/m 1 - '—1 
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P16.30 From the free-body diagram mg =2 T sin 6 


T =- 


mg 


2 sin 6 
The angle 0 is found from 
0 3L/8 3 

L/2 4 

9 =41.4° 


ins' 

ANS. FIG. P16.30 


(a) 


\ju \2/rsin0 

= l »» J f 

y 2jU sin 41.4° 


_ 9.80 m/s 2 _ 

2(8.00 xl0“ 3 kg/m) sin 41.4’ 


-W 


v =(30.4 )4m, where v is in meters per second and 
m is in kilograms. 


(b) v =60.0 =30AsJm and | m =3.89 kg | 

■ 4 ' 


We use v =J~ to solve for the tension: 


T = [iv = pAv = pnr v 

T = (8920 kg/m 3 )(7r)(7.50 x 10 -4 m) 2 (200 m/s) 2 


Section 16.5 Rate of Energy Transfer by Sinusoidal 
Waves on Strings 

P16.32 (a) 


As for a string wave, the rate of energy transfer is proportional to 
the square of the amplitude and to the speed. The rate of energy 
transfer stays constant because each wavefront carries constant 
energy and the frequency stays constant. As the speed drops the 
amplitude must increase. 
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P16.33 


P16.34 


(b) We write P = FvA 2 , where F is some constant. With no absorption 
of energy. 



We are given T = constant; we use the equation for the speed of a wave 




on a string, 


P =- pco 2 A 2 v. 


and the power supplied to a vibrating string. 


(a) If L is doubled, fj is still the same, so V remains constant: therefore 
P is constant: [T|. 

(b) If A is doubled and 0 ) is halved, P °c oj 2 A 2 remains constant: [l]. 

A 2 

(c) If A and A are doubled, the product co 2 A 2 °c — remains constant, 
so 0. 


(d) If L and A are halved, jj is still the same, and co 1 — is 


quadrupled, so P is increased by a factor of 4 . 


We will use the expression for power carried by a wave on a string. 
The wave speed is v - 




100 N 


.OOxlO -2 kg/m 


=50.0 m/s 


1 


From P =— iuoj A v, we have 
2 


2 _ 2 P _ 2(300 N ■ m/s) _ 

pA 2 v (4.00 x 10“ 2 kg/m)(5.00 x 10' 2 m) 2 (50.0 m/s) 

Computing, 

0 ) =346 rad/s and / =— =1 55.1 Hz I 

In 1 - 1 
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P16.35 Comparing the given wave function, y = (0.15) sin (0.80X - 50t), with 
the general wave function, y = A sin (kx - cot), we have k = 0.80 rad/m, 
co = 50 rad/s, and A = 0.15 m. 

, s (O 2 k CO 50.0 -7—1 

(a) v=fX =-=— =- m/s = 62.5 m/s 

J 2k k k 0.800 ' 1 -* 

(b) A =— =-^- m =1 7.85 m I 

k 0.800 1 - 1 

(C ) /=f^6®] 

(d) P = ^iko 2 A 2 v = i(l2.0x 10“ 3 )(50.0) 2 (0.150) 2 (62.5) W = | 21.1 W] 

P16.36 The frequency and angular frequency of the wave are 

/ =~ == 30~0 m / s =60,0 Rz and co =2k f =120k rad/s 
J A 0.500 s J ' 

The power that is required is then 

P = —/j.co 2 A 2 v 
2 

= kg )d20. rad/s) 2 (0.100 m) 2 (30.0 m/s) 

= f 1.07 kW | 

P16.37 We are given )U=30.0 g/m =30.0 xl0“ 3 kg/m, with 
A =1.50 m 

/ =50.0 Hz: co =2k f =314 s’ 1 

2A =0.150 m: A =7.50 x 10" 2 m 

(a) From y =A sin ^jj-x-(Qt\, | y =(0.075) sin (4.19x - 314f) J 



ANS. FIG. P16.37 
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P16.38 


P16.39 


Originally, 



p 0 


The doubled string will have doubled mass per length. Presuming that 
we hold tension constant, it can carry power larger by V2 times: 

P = | ) = [7If| 

Comparing 

y =0.350 sin ^107rf-37rx +^-j 

with 

y =Asin(kx-cot +p) = A sin (cot-kx-p +n) 


we have 

k =3n m -1 , co =10 n s _1 , and A =0.350 m 

Then, 

/ 0 r\f A ^ « 107T S _1 

u =fA =[2nf)\ — =— =- -r =3.33 m/s 

\2k) k 3 k m 

(a) The rate of energy transport is 

P = ^pco 2 A 2 v 

= |(75x 10‘ 3 kg/m)(l07T s^O^O m) 2 (3.33 m/s) 

w | 

(b) Recall that vT = A. The energy per cycle is 

E x = PT = ^p(Q 2 A 2 X 

= |(75.OxlO’ 3 kg/m)(l07T s' 1 ) 2 (0.350 m) 2 ( ^ 2 V, j 
= | 3.02 J | 
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P16.40 Suppose that no energy is absorbed or carried down into the water. 

Then a fixed amount of power is spread thinner farther away from the 
source. It is spread over the circumference Inr of an expanding circle. 
The power-per-width across the wave front 

P 

2nr 

is proportional to amplitude squared, so amplitude is proportional to 



2 nr 


Section 16.6 The Linear Wave Equation 

P16.41 The important thing to remember with partial derivatives is that you 
treat all variables as constants, except the single variable of interest. 
Keeping this in mind, we must apply two standard rules of differentiation 
to the function y = ln[b(x - i/t)]: 


d_ 

dx 


[ln/W] 


. 1 3[/W] 

f{x) dx 


[ 1 ] 


_1 a[/w] 

Applying [1], 


J 

' 1 ^d{bx-bvt)_f l Y 

dx \ 

y b(x-vt)J dx \^b(x-vt))' 

Appiying [2], 


a 2 y_ 

1 

dx 2 

{x-vtf 


In a similar way, 

dy _ -v A d 2 y _ v 2 

and 


[ 2 ] 
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From the second-order partial derivatives, we see that it is true that 

3 2 y _ 1 3 2 y 
dx 2 v 2 3 1 2 

so the proposed function is one solution to the wave equation. 
P16.42 (a) A = (7.00 + 3.00)(4.00) yields | A =40.0 | 

(b) | A =7.00, B =0, and C =3.00] 


(c) 


In order for two vectors to be equal, they must have the same 
magnitude and the same direction in three-dimensional space. 
All of their components must be equal, so all coefficients of the 
unit vectors must be equal. 


(d) I A =0 I I B =7.00 I in meters, I C =3.00 I inm 1 , I D =4.00 I in s \ 


E =2.00 in rad. 


(e) 


Identify corresponding parts. In order for two functions to be 
identically equal, corresponding parts must be identical. The 
argument of the sine function must have no units, or be equiv¬ 
alent to units of radians. 


P16.43 The linear wave equation is 

*02 

II 

1 3 2 y 
: u 2 3 1 2 ‘ 

If 

ii 



Then ^ =-bve b{ ' x vt) 

3 1 

and 

3y =fe »«-. 

dx 


St- 

and 

^ 1 = 1 ,v- 

3x 

Therefore, =v 2 , demonstrating that e^ (x 

3 1 dx 

P16.44 (a) 

From y =x 2 +v 2 t 2 , 




evaluate — =2x 
dx 

and 



Also, ^ =v 2 2t 

3 1 

and 
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Does ^=JL^ ? 
dt 2 v 2 dt 2 

By substitution, we must test 2 =\[2v 2 ) and this is true, so the 
wave function does satisfy the wave equation. 

(b) Note 

-(x+vtf +-(x-vtf =-x 2 +xvt+-v 2 t 2 +-x 2 -xvt+-v 2 t 2 
2 2 2 2 2 2 


as required. So 


fix +vt) =^[x +vtf 


and 


g(x-vt)=^(x-vtf 


(c) y = sin x cos vt makes 

— =cosxcosvt 
dx 

dy . , 

— =-v sm x sm vt 
dt 


dx 2 

d y 2 • i 

-^-=-v sinxcoszit 
dt 2 


Then =J_^. becomes - sin x cos vt =—\ v 2 sin x cos vt which 
dx 2 v 2 dt 2 v 2 

is true, as required. 

Note sin [x +vt) =sin x cos vt +cos x sin vt 

sin [x-vt] =sinxcosyf-cosxsim?f 
So sin x cos vt =f(x +vt) +g(x-vt) with 


f[x +vt) =^-sin(x +vt) 


and 


g(x-vt) =^sin [x-vt) 


Additional Problems 

P16.45 The equation v =A/ is a special case of 

speed = (cycle length) (repetition rate) 

Thus, 

v =(l9.0x 1(T 3 m/frame)(24.0 frames/s) = | 0.456 m/s | 
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P16.46 


P16.47 


*P16.48 


P16.49 


Assume a typical distance between adjacent people ~lm. 

Then the wave speed is v =— ~ ^ m ~ 10 m/s. 
r At 0.1 s 

Model the stadium as a circle with a radius of order 100 m. Then, the 
time for one circuit around the stadium is 


Muf) 


T --- =63 s ~ 1 min 

v 10 m/s 1 - 1 


The speed of the wave on the rope is v = — and in this case T = mg; 


fr 


therefore, m 




Now V = f ;1 implies v 


I u CO 
m=-\ - 


=— so that 
k 

_ 0.250 kg/m T 18tt s " 1 T 
_ 9.80 m/s 2 [ 0.750^: m _1 J 


v = 


2d . 

~ gives 


= | 14.7 kg | 


d=j =i(6.50xl0 s m/s)(1.85 s) = | 6.01 km | 

The block-cord-Earth system is isolated, so energy is conserved as the 
block moves down distance X: 

A K +AU =0 -» 

(k+u+u) =[k+u+u ,) 

' 8 s 'top ' 8 s /bottom 

0 +Mgx +0 +0 =0 +0 +-kx 2 

x= 2Mg 

k 

(a) T =kx =2Mg =2 (2.00 kg)(9.80 m/s 2 ) = | 39.2 N | 

(b) L=L 0 +x=L 0 +^l 

k 

L =0.500 m + 39-2 N =1 0.892 m I 
100 N/m 1 - 1 
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P16.50 The block-cord-Earth system is isolated, so energy is conserved as the 
block moves down distance X: 

A K +AU =0 -> 

(k +lf +U S ) =(K+U r +U s ) 

' ° ' top \ s f bottom 

0 +Mgx +0 +0 =0 +0 +hix 2 
Mgx =hix 2 



P16.51 (a) The wave function becomes 

0.175 m =(0.350 m)sin[(99.6 rad/s) t] 
or sin[(99.6 rad/s)f] =0.500 

The smallest two angles for which the sine function is 0.500 are 
30.0° and 150°, i.e., 0.523 6 rad and 2.618 rad. 

(99.6 rad/s)f x =0.523 6 rad, thus = 5.26 ms 
(99.6 rad/s )t 2 =2.618 rad, thus t 2 = 26.3 ms 
At = t 2 -1 1 =26.3 ms - 5.26 ms =1 21.0 ms I 


(b) Distance traveled by the wave 

=f-)At =f ”- 6 md/S If 

Ik) 1.25 rad/m V 


21.0 xlO" 3 s = 1.6: 
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P16.52 


P16.53 


P16.54 


(a) From y = (0.150 m) sin (0.800X - 50.Ot) = A sin (kx - cot ) 
we compute 

dy/dt =(0.150m)(-50.0 s" 1 ) cos(0.800x-50.0f) 
and a =d 2 y/dt 2 =-(0.150m)(-50.0 s _1 ) 2 sin(0.800x-50.0f) 


Then a max =(0.150 m)(50.0 s' 1 ) 2 = |375m/s 2 | 

(b) For the 1.00-cm segment with maximum force acting on it, 

=ma =^ 12 ‘°^ ) 1 ^ n kg j( 1 - 00 cm)(375 m/s 2 ) = |0.045 0 N| 

(c) To find the tension in the string, we first compute the wave speed 


„ . co 50.0 s 

v —Xf =-ri^r—— -f =62.5 m/s 

J k 0.800 m" 1 


then. 


V = )[jl gives T = ^ v2 = ( 12 ‘ioo°m kg )( 62 - 5 m/s ) 2 = I 46 - 9 N 1 


The maximum transverse force is very small compared to the 
tension, more than a thousand times smaller. 


Assuming the incline to be frictionless and taking the positive X 
direction to be up the incline: 

I F x =T - Mg sin Q =0 


or the tension in the string is T =Mg sin 6. 

The speed of transverse waves in the string is then 
_ fT _ I Mg sin 6 _ jMgL sin 6 
V \ p V m/L V m 
The time interval for a pulse to travel the string's length is 


1 m 

il 

mL 

j MgL sin 6 

Mg sin 6 


(a) 


The energy a wave crest carries is constant in the absence of 
absorption. Then the rate at which energy passes a stationary 
point, which is the power of the wave, is constant. 
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P16.55 


(b) 


The power is proportional to the square of the amplitude and to 
the wave speed. The speed decreases as the wave moves into 
shallower water near shore, so the amplitude must increase. 


(c) For the wave described, with a single direction of energy 

transport, the power is the same at the deep-water location © and 
at the place © with depth 9.00 m. Because power is proportional 
to the square of the amplitude and the wave speed, to express the 
constant power we write. 


Afa =A 2 2 v 2 =A 2 2 ^[gd 2 

(1.80 m) 2 (200 m/s) =A 2 2y j( 9.80 m/s 2 )(9.00 m) 
=A 2 (9.39 m/s) 



=| 8.31 m | 


(d) 


As the water depth goes to zero, our model would predict zero 
speed and infinite amplitude. In fact the amplitude must be finite 
as the wave comes ashore. As the speed decreases the wavelength 
also decreases. When it becomes comparable to the water depth, 
or smaller, our formula Jgd for wave speed no longer applies. 


Let M = mass of block, m = mass of string. For the block, XF =ma 
implies T =mco 2 r. The speed of a wave on the string is then 



the travel time of the wave on the string is given by 



and the angle through which the block rotates is 

AB =a,At = l °' 003 2 kg =1 0.084 3 rad | 
\M \ 0.450 kg 1 - 1 
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P16.56 


The transverse wave velocity in the string is i\ rans 



where T is the tension in the cord, and p is the mass per unit length of 
the cord. The tension T is generated by the centripetal force holding 
the mass and cord in uniform circular motion at the angular velocity or, 
thus: 


T =F c =M— =Mco 2 r 
r 

where we note that M is the mass of the block. 


The mass density of the cord is p =—; thus, the transverse wave 
r 

velocity is 



Now the transverse wave travels a distance r (the length of the cord) at 
a uniform velocity l/ trans ; thus, distance = r = V lnms t, and therefore. 



P16.57 


which we may solve numerically: 


t =1 [K 1 / 0.003 20 kg 

~co\M “(10.0 rad/s) \ 0.450 kg 

[See Note to P16.57.] 

The transverse wave velocity in the string is z; tran 


18.43 x 10~ 3 s | 

4 


where T is the tension in the cord, and p is the mass per unit length of 
the cord. The tension T is generated by the centripetal force holding 
the mass and cord in uniform circular motion at the angular velocity, 
oj; thus 


T =F C =M— =Mco 2 r 
r 

where we note that M is the mass of the block, and the mass density of 
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the cord is jj =—. Thus transverse wave velocity is 



Now the transverse wave travels a distance r (the length of the cord) at 
a uniform velocity l/ trans ; thus, distance =r =v trans t, and therefore. 



[Note: To solve this problem without integration of the mass density /J 
over the length of the cord to include the cord's own mass as a 
contribution to its own tension, and thus to a nonuniform tension 
along the length of the cord (and thus also to a nonuniform wave 
velocity along the cord), we must assume that the mass of the cord m 
is very small compared to the mass of the block M . In such a case, the 
mass of the cord does not contribute to the centripetal force, or as a 
result, to the tension on the cord itself. The only role the cord's mass 
will then play is in generating the linear density in the transverse wave 
velocity equation. To be forced to include mass of the cord in the 
centripetal force calculation is a significantly more difficult problem 
and is not attempted here.] 

P16.58 (a) In P =^/Jco 2 A 2 v where V is the wave speed, the quantity coA is 

the maximum particle speed v y max . We have fj= 0.500 x 10” 3 kg/m 
and 

It I 2O0N , 

v = — = - 5 -=200 m/s 

V jU 0.500 xio -3 kg/m 

Then 

P =^(0.500xl0~ 3 kg/m)z£ max (200 m/s) 

P =0.050 0 v 2 max , where P is in watts and v y max is in meters 
per second 
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P16.59 


(b) 


The power is proportional to the square of the maximum 
particle speed. 


(c) In time t = (3.00 m)/v = (3.00 m)/(200 m/s) = 1.50 x 10~ 2 s, all the 
energy in a 3.00-m length of string goes past a point. Therefore, 
the amount of this energy is 

E =Pt =(0.050 0 kg/s)u 2 max (0.015 s) =(7.50 x 10" 4 kg )u 2 max 
The mass of this section is 

m 3 00 _ m =(0.500xl0" 3 kg/m)(3.00 m)=1.50xl0' 3 kg 


„ =7.50 xlO" 4 kg 


E =(7.5xlO -4 ) u 2 m 

x , where £ is in joules and v y max is in meters 

per second. 



(d) -mu 2 , 


(e) E=Pt = (0.050 0 kg/s) u 2 max (6.00 s) 


—> 

£ = 0.300 u 2 rt 

ax where £ is in joules and u 

iax is in meters 


per second. 




, . dm .dx . 
(a) p=— =pA—=pA 

dL dx 


_ fr~ _ [ 

w \p a {\ 


With all SI units. 


T _ T 

\_p(ax +&)] ^p(l0~ 3 x +10” 2 )cm 2 


[p(l.00xl0~ 5 x+1.00x10 
newtons, and u is in meters per second. 


where x is in meter, T is in 


24.0 


(b) *(0) = l n -fF-7TT = 94.3 m/s 

y[(2700)(0 +10 6 )] 1 - 1 


u(10.0 m) = 


[(2700)(l0“ 4 +10" 6 )' 


■| 9.38 m/s~| 
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P16.60 


P16.61 


P16.62 


P16.63 


Imagine a short transverse pulse traveling from the bottom to the top 
of the rope. When the pulse is at position x above the lower end of the 


rope, the wave speed of the pulse is given by v =^—, where T =/-lxg 

is the tension required to support the weight of the rope below 
position x. 

Therefore, v =y[gx- 

But v =—, so that dt =-$= 
dt yjgx 


|* dx _ 1 4x 

L 

2 Ik 

{Jgx 4§ 2 

0 

u 


P(x) = 

1 2 ,2 
-ficoAv 

= \^2 

P( 0) = 

2k ° 


P(x)_ 

p( o) 



_( 4 450 x 

10 3 mV 

lh 1 

\ 5.88 h ){ 

3 600 s J 


f-V 

P^Ale^ 

U J 

2k 0 


=210 m/s 


v 2 (210 m/s) 2 

d m =— =--V- =4 500 m 

avg g 9.80 m/s 2 


The given speed corresponds to an ocean depth that is 
greater than the average ocean depth, about 4 280 m. 


_T/A 
"A L/L' 


where T is 


Young's modulus for the wire may be written as Y 

the tension maintained in the wire and AL is the elongation produced 
by this tension. Also, the mass density of the wire may be expressed as 

The speed of transverse waves in the wire is then 




- IT- ITlA- 1 y ( al / l ) 


Va*m 
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and the strain in the wire is — =—— 

L Y 

If the wire is made of aluminum and 1/ = 100 m/s, the strain is 
AL _(2.70xl0 3 kg/m 3 )(100 m/s f 
~L 7.00 xlO 10 N/m 2 


| 3.86 x IQ- 4 


Challenge Problems 

P16.64 Refer to Problem 60. At distance X from the bottom, the tension is 
T \ +Mg, so the wave speed is: 



, 1 [xg +(MgL/m)] 1/2 

x=L 

s 1 

x=0 


MgL 

m 



(b) When M = 0, 
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P16.65 


P16.66 


(c) As m -> 0 we expand 

VM +ra 


to 


^ M J ^ 2 M 8 M J 

obtain f=2 J5( VM+ fc)4 (m2/M3,2)+ '"- VM ) 


2 Pfl [”[) = 
uUVmJ 


and higher because terms with 


where we neglect terms — [ m nn I ; 

6 8 ^ M 3/ J 

m 2 and higher powers are very small. 

(a) Refer to Problem 60. From the definition of velocity, find the 
relationship between the position X of the pulse and the time 
interval At required to reach that position from the bottom of the 
rope: 

dx ,, dx dx ., f dx 


dx dx dx ., f dx 

) =— -» dt = — =—j= -> At = J —j= 
dt v jgx % jgx 




Evaluate this time interval for x =—: 

2 




0.707 

l 2 !) 


(b) Solve the expression from part (a) for x and substitute the given 
time interval: 

jy&t = £t jg 

4 4 4 g [4] 

(a) fi(x) is a linear function, so it is of the form /j[x) —mx +b. 

To have /i(0) = /i 0 we require b =IJ 0 . Then fj(l) =/J L =mL +[J () 

_ _ A k-U> 


Then 




(b) Imagine the crest of a short transverse pulse traveling from one 
end of the string to the other. Consider the pulse to be at position 
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P16.67 


X. From v = ~^> the time interval required to move from X to 
X + dx is —. The time interval required to move from 0 to L is 


-JH 


JtTJi Vt 


JVjuRrf 


1 \((p L -p 0 )x 


1 Vt Jl 

0 

•=V— 

y/f{lJ L -p 0 


+ M) 


V/ 2 / \ 

J l ) 

J l l r 

1/4-MJ 


(/4-tt)* 

L ^ 






(a) Consider a short section of chain at the 
top of the loop. A free-body diagram is 
shown. Its length is s =R(2A6) and its 
mass is jjRlAQ. In the frame of reference 
of the center of the loop, Newton's 
second law is 




ANS. FIG. P16.67(a) 


YjR y =ma y : 2T sin A0 down =—down 


_/jR2A6v 2 0 

R 


For a very short section, sin A0 =A6 and | T =pv 2 0 | 
(b) The wave speed is v = 




(c) In the frame of reference of the center of the loop, each pulse 
moves with equal speed clockwise and counterclockwise (ANS. 
FIG. P16.67(cl)). 





ANS. FIG. P16.67(cl) 
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In the frame of reference of the ground, once pulse moves 
backward, clockwise, at speed v 0 +v =2v 0 and the other forward, 
counterclockwise, at v _ v = q (ANS. FIG. P16.67(c2)) 



ANS. FIG. P16.67(c2) 


While the loop makes one revolution, the one pulse traveling 
clockwise makes two revolutions and the other pulse traveling 
counterclockwise does not move around the loop. The counter¬ 
clockwise pulse it is generated at the 6 o'clock position, and it 
will stay at the 6 o'clock position. 
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lNSWERS to even-numbered problems 


P16.2 (a) See ANS. FIG. P16.2(a); (b) See ANS. FIG. P16.2(b); (c) Tbe graph in 

ANS. FIG. P16.2(b) has the same amplitude and wavelength as the 
graph in ANS. FIG. P16.2(a). It differs just by being shifted toward 
larger X by 2.40 m; (d) The wave has traveled d=vt = 2.40 m to the 
right. 

P16.4 (a) longitudinal P wave; (b) 666 s 

P16.6 (a) See ANS. FIG. P16.6(a); (b) See ANS. FIG. P16.6(b); (c) See ANS. 

FIG. P16.6(c); (d) See ANS. FIG. P16.6(d); (e) See ANS. FIG. P16.6(e) 

P16.8 0.800 m/s 

P16.10 2.40 m/s 

P16.12 ±6.67 cm 

P16.14 (a) See ANS FIG P16.14; (b) 0.125 s; (c) This agrees with the period 

found in the example in the text. 

P16.16 (a) 0.100 sin (1.002-20.01); (b) 3.18 Hz 

P16.18 (a) See ANS FIG P13.12(a); (b) 18.0 rad/m; (c) 0.083 3 s; (d) 75.4 rad/s; 

(e) 4.20 m/s; (f) y =(0.200 m) sin (l8.0x / m +75.4t / s +p); (g) y(x, t) = 
0.200 sin (18.0x + 75.41 - 0.151), where X and y are in meters and 1 is in 
seconds. 

P16.20 (a) 0.021 5 m; (b) 1.95 rad; (c) 5.41 m/s; 

(d) y[x,t) =(0.021 5) sin (8.38x +80.0 nt +1.95) 

P16.22 520 m/s 

P16.24 (a) units are seconds and newtons; (b) The first T is period of time; the 

second is force of tension. 

P16.26 (a) y = (2.00 x 10” 4 ) sin (16.0X - 3 1401), where y and X are in meters and 

1 is in seconds; (b) 158 N 

P16.28 The calculated gravitational acceleration of the Moon is almost twice 
that of the accepted value. 

P16.30 (a) v =(30.4) Vm where V is in meters per second and m is in kilograms; 

(b) m = 3.89 kg 

P16.32 (a) As for a string wave, the rate of energy transfer is proportional to 

the square of the amplitude to the speed. The rate of energy transfer 
stays constant because each wavefront carries constant energy, and the 
frequency stays constant. As the speed drops, the amplitude must 
increase; (b) The amplitude increases by 5.00 times 
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P16.34 55.1 Hz 

P16.36 1.07 kW 

P16.38 V2P 0 

P16.40 See P16.40 for the full explanation. 

P16.42 (a) A = 40.0; (b) A = 7.00, 6=0, and C = 3.00; (c) In order for two 

vectors to be equal, they must have the same magnitude and the same 
direction in three-directional space. All of their components must be 
equal, so all coefficients of the unit vectors must be equal; (d) A = 0, 

6 = 7.00, C = 3.00, D = 4.00, E = 2.00; (e) Identify corresponding parts. 

In order for two functions to be identically equal, corresponding parts 
must be identical. The argument of the sine function must have no 
units or be equal to units of radians. 

P16.44 (a) See P16.44(a) for full explanation; (b) f(x +vt) =i(x +vtf and 

g(x-vt) =^(x-vt) 2 ; (c) f(x +vt) =^sin(x +vt) and 
g(x-vt) =^-sin [x-vt) 

P16.46 ~1 min 

P16.48 6.01 km 

P16.50 (a) 2 M g; (b) L 0 +^; (c) +^] 

P16.52 (a) 375 m/s 2 ; (b) 0.045 0 N; (c) 46.9 N. The maximum transverse force is 

very small compared to the tension, more than a thousand times 
smaller. 

P16.54 (a) The energy a wave crest carries is constant in the absence of 

absorption. Then the rate at which energy passes a stationary point, 
which is the power of the wave, is constant; (b) The power is 
proportional to the square of the amplitude and to the wave speed. 

The speed decreases as the wave moves into shallower water near 
shore, so the amplitude must increase; (c) 8.31 m; (d) As the water 
depth goes to zero, our model would predict zero speed and infinite 
amplitude. In fact, the amplitude must be finite as the wave comes 
ashore. As the speed decreases, the wavelength also decreases. When it 
becomes comparable to the water depth, or smaller, our formula Jgd 
for wave speed no longer applies. 

P16.56 8.43 x 1CT 3 s 
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P16.58 


P16.60 

P16.62 

P16.64 

P16.66 


(a) P =0.050 0 v 2 y max where P is in watts and V ymax is in meters per 
second; (b) The power is proportional to the square of the maximum 
particle speed; (c) E =(7.5OxlO -4 )^^ where E is in joules and v ymax is 


in meters per second; (d) — mv 2 y 


; (e) E =0.300u y max where E is in 


joules and \/ y max is in meters per second 




The given speed corresponds to an ocean depth that is greater than the 
average ocean depth, about 4 280 m. 


(a) ( =2^(VM^-VM);(b)2^;(c)|| 

(a) MW +H,; (b) A» = 


3yJT(p L -p 0 ) 


(pI /2 -pZ /2 
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Sound Waves 


CHAPTER OUTLINE 


17.1 Pressure Variations in Sound Waves 

17.2 Speed of Sound Waves 

17.3 Intensity of Periodic Sound Waves 

17.4 The Doppler Effect 


*An asterisk indicates a question or problem new tothisedition.| 


lNSWERS to objective questions 


OQ17.1 Answer (b). The typically higher density would by itself make the 

speed of sound lower in a solid compared to a gas. 

OQ17.2 Answer (e). The speed of sound i n ai r, at atmospheric pressure, is 

determined by the temperature of the air and does not depend on the 
frequency of the sound. Sound from siren A will have a wavelength 
that is half the wavelength of the sound from B, but the speed of the 
sound (the product of frequency times wavelength) will be the same 
for the two sirens. 

OQ17.3 Answer (c). The ambulance driver, sitting at a fixed distance from the 
siren, hears the actual frequency emitted by the siren. However, the 
distance between you and the siren is decreasing, so you will detecta 
frequency higher than the actual 500 Hz. 

OQ17.4 Answer (d). When a sound wave travels from air into water, several 

properties will change. The wave speed will i ncrease as the wave 
crosses the boundary into the water causing the spacing between 
crests (the wavel ength) to i ncrease, because crests move away from 
the boundary faster than they move up to the boundary. The sound 
intensity in the water will be I ess than it was in air because some 
sound is reflected by the water surface. H owever, the frequency 
(number of crests passing each second) will be unchanged, si nee a 
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crest moves away from the boundary every ti me a crest arrives at the 
boundary. 

OQ17.5 Answer (d). The drop in intensity is what we should expect 
accord i ng to the i n verse-squ are I aw: 

h = ±, 2 p\N/ m 2 (950 m) 2 

I 2 r 2 ' 0.2 p\N/ m 2 (300 m) 2 

OQ17.6 Answer (d). We have f s = 1000 Hz, v = 343 m/ s, v o =-30 m/ s, 
v s = 50m/ s. Wefind 

f{v+v 0 ) (1000 Hz)[(343 m/ s)+(-30 m/ s)] 

* {v-v“) 343 nrV s- 50 m/ s 

= 1 068 Hz 

OQ17.7 Answer (b). A sound wave is a longitudinal vibration that is 
propagated through a material medium. 

OQ17.8 (i) Answer (b). The frequency increases by a factor of 2 because the 

wave speed, which is dependent only on the medium through 
which the wave travels, remains constant. 

(ii) Answer (c). 

OQ17.9 Answer (a) Wesupposethat a point source has no structure, and 
radiates sound equally in all directions (isotropically). The sound 
wavefronts are expandi ng spheres, so the area over which the sound 
energy spreads increases according to A = 4nr 2 . Thus, if the distance 
is trip led, the area increases by a factor of nine, and the new intensity 
will be one-ninth of the old intensity. This answer according to the 
inverse-square law applies if the medium is uniform and 
unbounded. For contrast, suppose that the sound is confined to move 
in a horizontal layer. (Thermal stratification in an ocean can have this 
effect on sonar "pings.") Then the area over which the sound energy 
i s d i spersed w i 11 on I y i ncrease accord i ng to the ci rcu inference of an 
expanding circle: A = 2nrh, and so three times the distance will 
result in one-third the intensity. I n the case of an entirely enclosed 
speaki ng tube (such as a shi p's tel ephone), the area perpendi cuI ar to 
the energy flow stays the same, and increasing the distance will not 
change the intensity appreciably. 

OQ17.10 (i) Answer (c). Both observer and source haveequal speeds in 

opposite directions relativeto the medium, so in 
f'={v+v 0 )/ {v-vj wewould have something like 
(343 - 25)0 (343 - 25) =f. 
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(ii) Answer (a). The speed of the medium adds to the speed of 
sound as far as the observer is concerned, to cause an i ncrease i n 
X=v! f The wind "stretches” the wavelength out. 

(iii) Answer (a). 

OQ17.11 In order of decreasing size we have (b) >(d) >(a) >(c) >(e). In 
f'=f [(y+ v 0 )\/[{v - v s )] we can consi der the size of the fracti on 
( v+v 0 )/{v-v s ) in each case, where the positive direction for the 
observer is toward the source, the positi ve di recti on for the source is 
toward the observer: (a) 343/ 343 = 1, (b) 343/ (343 - 25) = 1.08, (c) 

343/ (343 + 25) =0.932, (d) (343 + 25)/ 343 = 1.07, (e) (343 - 25)/ 343 = 
0.927. 

OQ17.12 Answer (c). The intensity is about 10 13 W/ m 2 . 

OQ17.13 Answer (c). Doubling the power output of the source will doublethe 
intensity of the sound at the observer's location. The original decibel 
level ofthesound is p = 10- log (I/I 0 ) . After doubling the power 
output and intensity, the new decibel level will be 

P' = 10- log(2f// 0 ) = 10 log[2(f// 0 )] = 10-[log(2)+ log(l// 0 )] 

= 10-log(2)+/3 

so the increase in decibel level is p'-p =10log(2)=3.0dB, making 
(c) the correct answer. 

OQ17.14 Answer (c). The threshold of human hearing is defined asOdB; the 
average person cannot hear sound with a lower intensity level. 

N ormal conversation has an intensity level of about 60 dB. 


lNSWERS to conceptual questions 


CQ17.1 For the sound from a source not to shift in frequency, the radial 

velocity of the source relative to the observer must be zero; that is, 
the source must not be movi ng toward or away from the observer. 
The source can be moving in a plane perpendicular to the line 
between it and the observer. Other possibilities: The source and 
observer might both havezero velocity. They might have equal 
velocities relative to the medium. The source might be moving 
around the observer on a sphere of constant radius. Even if the 
source speeds up on the sphere, slows down, or stops, thefrequency 
heard will be equal to the frequency emitted by thesource. 

CQ17.2 The speed of sound in air is proportional to the square-root of the 
absolute temperature, Vf. Thespeed of sound is greater in warmer 
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air, so the pulse from the camera would return sooner than it would 
on a cooler day from an object at the same distance. The camera 
would interpretan object as being closer than it actually is on a hot 
day. 

CQ17.3 The speed of sound to two significant figures is 340 m/s. Let's 
assume that you can measure time to -L second by using a 

stopwatch. To get a speed to two significant figures, you need to 
measu re a ti me of at I east 1.0 seconds. Si nee d = vt, the mi ni mu m 
distance is 340 meters. 

CQ17.4 When listening, you are approximately the same distance from all of 
the members of the group. If different frequencies traveled at 
different speeds, then you might hear the higher pitched frequencies 
before you heard the lower ones produced at the same time. 

CQ17.5 The speed of light is so high that the arrival of the flash is practically 

simultaneous with the lightning discharge. Thus, the delay between 
the flash and the arrival of the sound of thunder is the time sound 
takes to travel the distance separating the lightning from you. By 
counting the seconds between the flash and thunder and knowing 
the approximate speed of sound in air, you have a rough measu re of 
the distance to the lightning bolt. 

CQ17.6 Both. There are actually two Doppler shifts. The first shift arises from 

the source (you) movi ng toward the observer (the cl iff). The second 
arises from the observer (you) moving toward the source (the cl iff). 

If, instead of a cliff, there is a spacecraft moving toward you, then 
there are shifts dueto moving source (you) and moving observer (the 
spacecraft) before reflection, and moving source (the spacecraft) and 
moving observer (you) after reflection. 

CQ17.7 A beam of radio waves of known frequency is sent toward a 

speed i ng car, whi ch refl ects the beam back to a detector i n the pol i ce 
car. The amount the returning frequency has been shifted depends 
on the velocity of the oncomi ng car. 

CQ17.8 Our brave Siberian saw the first wave he encountered, light traveling 

at 3.00 x lCf m/ s. At the same moment, i nfrared as wel I as vi si bl e 
light began warming his skin, but sometime was required to raise 
the temperature of the outer skin layers before he noticed it. The 
meteor produced compressional waves in the air and in the ground. 
Thewave in the ground, which can be called either sound ora 
sei smi c wave, travel ed much faster than the wave i n ai r, si nee the 
ground is much stiffer against compression. Our witness received it 
next and noticed it as a little earthquake. He was no doubt unableto 
distinguish the P and S waves from each other. The first air- 
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CQ17.9 


compression wave he received was a shock wave with an amplitude 
on the order of meters. It transported him off his doorstep. Then he 
could hear some additional direct sound, reflected sound, and 
perhaps the sou nd of the fal I i ng trees. 


If an object is a half meter from the sonic ranger, then the sensor 
would have to measure how long it would take for a sound pulse to 
travel one meter. Because sound of any frequency moves at about 
343 m/ s, the soni c ranger wou I d have to be abl e to measu re a ti me 
difference of under 0.003 seconds. This small time measurement is 
possible with modern electronics, but it would be more expensive to 
outfit sonic rangers with the more sensitive equipment than it is to 


print "do not use to measu re distances I ess than - meter" in the 


users' manual. 


SOLUTIONS TO END-OF-CHAPTER PROBLEMS 


Section 17.1 Pressure Variations in Sound Waves 
P17.1 (a) A = | 2.00 jum | 

(b) A = —= 0.400m = | 40.0 cm I 

15.7 1 - 1 

. . co 858 | c . — 7 —| 

(c) v = — =-= 54.6 m/s 

k 15.7 1 - I 


(d) s =2.00cos[(l5.7)(0.050 0)- (858)(3.00x 10r 3 )] = | -0,433 jum] 

(e) u max =Aco =(2.00 jum) (858 s' 1 ) = | 1.72 mm/sj 

P17.2 (a) A P =(1.27 Pa)sin^-^^j (SI units) 

The pressure amplitude is: AP max = pL27 Pa | 


(b) co = 2nf= 340fe/s, so / = ^.70Hz | 

(c) k = ^- = 7t/rr\, giving A = | 2.00 m~| 

(d) v =Xf =(2.00m)(l70Hz)= |340m/s| 
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P17.3 


We write the pressure variation as A P =AP max sin(fce-©£). Note that 


and 


k 


2k _ 2 n 

T “(0.100 m) 


=62.8 m 1 


co 


2k v 2k (343 m/s) 

'~i (0.100 m) 


=2.16x 10 4 sr 1 . 


Therefore, 

[ap= 0.200sin[62.8x-2.16xl0 4 ^] | 

where AP is in Pa,xisin meters, and tisin seconds. 


Section 17.2 Speed of Sound Waves 
P17.4 We use AP^ = pvcos max = pv^^^js m 


2k P v 2 s 2tt( 1-20 kg/ m 3 )(343 nrV s) 2 (5.50x 1CT 6 m) n 

AD AQ/IAD^ I— : ^ 


0.840 Pa 


*P17.5 AP^ = po)vs mgx = (1.20 kg/m 3 )[2^(2000 s 1 )](343 m/s)(2.00x 10“ 8 m) 
AP^ = | 0.103 Pa] 

P17.6 The speed of longitudinal waves in a fluid is v = ^B[p. Considering 
the Earth's crust to consist of a very viscous fl uid, our esti mate of the 
average bulk modulus of the material in Earth's crust is 

B =pv 2 =(2 500kg/m 3 )(7xl0 3 m/s) 2 = |lxlO u Pa| 

P17.7 The sound pulse must travel 150 m before reflection and 150 m after 
reflection. Wehaved=vt: 


d _ 300 m 
v 1533 m/s 


| 0.196 s 
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P17.8 


P17.9 


P17.10 


P17.ll 


(a) 


(b) 

(c) 


The speed gradually changes from 

77 n°r 

V = (331 m/ s)(l+ 2 = 347 nV s 

rpr 

to v = (331 nn/ s)(l+ ) v2 = 331 nn/ s 

a 4.6% decrease. The cooler ai r at the same pressure is 
more dense. 

The frequency is unchanged because every wavecrest in the hot 
air becomes one crest without delay in the cold air. 

The wavelength decreases by 4.6%, from 

v/f = (347 m/ s)/ (400CK s) = 86.7 mm 
to v/f = (331 m/ s)/ (4000/ s) = 82.8 mm 

The crests are more crowded together when they move 
more slowly. 


(a) Iff=2.40 MHz, 

(b) Iff=1.00 MHz, 

If f=20.0MHz, 

AP max = pvcos mx 


, v 1500 m/ S | _ - 1 

A = - = ^ . —r = 0.625 mm 

/ 2.40x 10 6 s _1 1 - 1 

, V 1500 m/s - 1 

A = — =-t— 7— = 1.50 mm 


' / l(f s ' 1 


A =- 


1500 m/s 


2x 10 7 s 


T=| 75 -°^ m | 


_ AP max _ 4.00x 10 3 N/m 2 

Smax pvco (l.20 kg/m 3 )(343 m/s)(2^)(l0.0xl0 3 s' 1 ) 

= | 1.55x 10r 10 m | 

(a) Since v im >>^4,^, and assuming that the speed of sound is 
constant through the air between the lightning strike and the 
observer, we have 

d - (343 m/s) (16.2 s) = | 5.56 km | 


(b) 


No, we do not need to know the value of the speed of light. 
The speed of lightismuch greater than the speed of sound, 
so the time interval required for the light to reach you is 
negligible compared to the time interval for the sound. 
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P17.12 


P17.13 


11 i s easi est to sol ve part (b) fi rst: 

(b) The distance the sound travels to the plane is 




W5 
2 


The sound travels this distance in 2.00 s, so 
d s = h ^ =(343 m/s)(2.00 s) =686 m 

giving the altitude of the plane as h = 2 (®^m) = | 614 m | 


V5 

(a) The distance the plane has traveled in 2.00 s is 
v[ 2.00 s) =| =307 m 

Thus, the speed of the plane is: 

307m, | 

2.00 s 1 - 


interval between when a warning is shouted and when the man 
responds to the warning is Af min =A t s +A t. 

Si nee the whole time interval to fall isgiven by 


Ay=[d-h)=-gAt 2 f ^ At 
The warning needs to comeat least 
AT =Af / -Af-Af. 


2 (d-h) 


= )2 (d-h) ^ d-h 


into the fall, when the pot is at the position 
V f =Vi +^at-^at 2 
y f =20.0 m-^(9.80 m/s 2 ) 


2(20.0 m-1.75 m) _ 0300 s _ 20.0 m-1.75 m 


343 m/s 


y f = | 7.82 m| above the ground. 
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P17.14 Sound takes this time to reach the man: Af =-—The minimum 

time interval between when a warning is shouted and when the man 
responds to the warning is Af min =At s +At. 


Si nee the whole time interval to fall isgiven by 


Ay=(d-h)=-gAt 2 f ^ A t f 

The warning needs to comeat least 
AT =At f -At-At, = 


2 (d-h) 


2(d-k\_ A , d-h 


i nto the f al I, w hen the pot i s at the posi ti on 

y f =y, +v yi AT ~ls AT2 


V f =\d-jg 


2(rf-M M d-h 


above the ground. 


P17.15 (a) At 9 000 m, AT = (9 000 m)( 

Using the chain rule, 

dv dv dT r dx 


-1.00°C' 
150 m , 


= -60.CPC, so T =-30.0°C. 


— =-—— =v -— =u(0.607) - =- 

JT 4-. 4T 4-. ' ' TEA 0/1-7 


dt dT r dx dt dT r dx 


150 J 247 


so dt =(247 s)—. Integrating, 


H 247s )]f 

o 4 


v f =(247 s) In 

' 331.5 +0.607(30.0) “ 

1 J ' ' 

331.5 +0.607(-30.0) 


which gives t = | 27.2 s] for sound to reach the ground. 

... /z 9000 m I— ^ —I 

= ^ = 331.5 m/s+0.607(30.0°Cp 25-7 S I 
| The time interval in (a) is longer. | 
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P17.16 Since cos 2 0+sin 2 0 =1, sin0 = ±Vl-cos 2 0 (each sign applying half the 
time), 

A P = AP max sin (kx - cot) = ±pvcos tnax - s Jl~ cos 2 (kx - cot) 

Therefore, 


A P =±pVC0 7 s max “ S max COs2 i^ X ~ ®f) =±pVC0 -\/ s max “ ^ 

P17.17 (a) The two pulses travel the same distance, and so the one that 

travels at the highest velocity will arrivefirst. Because the speed 
of sound in air is 343 m/ sand the speed of sound in the iron rod 
is 5 950 m/ s, 

[the pulse travel ling through the iron rail will arrivefirst| . 


(b) For each of the pulses t = - 

i 

Therefore, 

, L 8.50 m 


5 950 m/s 


= 1.43 milliseconds 


and L ir = —= 8-50 m =24.78 milliseconds 
u air 343 m/ s 

The difference between their two arrival times is 


At = fair - f rod = 24.78 ms -1.43 ms = 1 23.4 ms| 


P17.18 Let d 1 represent the cowboy's distance from the nearer canyon wal I 

and d 2 his distance from the farther cliff. The sound for the first echo 
travels distance 2d v For the second, 2 d 2 . For the third, 2 d 1 +2d 2 . For the 
fourth echo, 2 d 1 +2 d 2 +2d v The time interval between the shot and the 
fi rst echo i s At x = 2 dj v, between the shot and the second echo i s A t 2 = 
2dJ v, and so on. 

Then 


Thus, 


Af 2 -At 1 = 


343 m/s 


= 1.92 s and 


At 3 - At 2 = 1.47 S 


(2d J +2d 1 )-2d 1= 2d , 
343 m/s 343 m/s 


d x =^(343 m/s)(1.47 s) =252 m, and A t x = 1.47 s 
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From above, 

Af 2 - At x =1.92 s =1.92 s+147 s 

343 m/ s 

which gives t/ 2 = 581m 


(a) 

(b) 


So, d 1 +d 2 = | 833m | . 

2d 1 +2d 1 +2d 1 -{2d 1 +2d 2 ) = 2rf 2 □ 

343 m/s 343 m/s ^- 1 


Section 17.3 Intensity of Periodic Sound Waves 
P17.19 We use Equation 17.14: 


P17.20 


P17.21 


j8=(l0dB)log y- 


=(l0dB)log 


4.00x 1(T 6 W/ m 2 
l.OOx Id 12 W/ m 2 


') 


= | 66.0 dB 

The sound power incident on the eardrum isP =IA, where/ isthe 
intensity of the sound andA =5.00x 10 5 m 2 is the area of the eardrum. 

(a) At the threshol d of pai n, / = 1.00 W/ m 2 . 

Thus, P =IA =(5.00x 1 a 5 m 2 )(l.00 W/ m 2 ) = | 5.00x10 5 w] 

(b) Energy transfer can be obtained from power by 

P = — ^E = PAt. Thus, 

At 

E =PAt =(5.00x la 5 J/ s)(60.0 s) =|3.00x 10 3 J | 

We use I = ^p(o 2 s 2 ax y. 


(a) At f=2 500 H z, the frequency i s i ncreased by a factor of 2.50, so 
the i ntensity (at constant s max ) i ncreases by (2.50) 2 =6.25. 

Therefore, 6.25(o.6(X)) = | 3.75 W/ m 2 ~] 


(b) The changes cancel each other: frequency /->/' = // 2, and 
displacement amplitude s max s' max = 2$^ 
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P17.22 


P17.23 


originial intensity: I = -pco 2 s^ ax v = 0.600\N/ m 2 

new intensity: I' =\p(o' 2 s'^ w v =^pf^-l (2s ma S v =\p(» 2 s 2 a) , 


= 600 W/ m 2 


The original intensity is Z 1 = -p(y 2 s 2 ax u = 2^ 2 pu/ 2 s 2 ax 

(a) If the frequency is increased to f' while a constant displacement 
amplitude is maintained, the new intensity is 


, h J f 

7jl 2 pvf 2 S 2 ax 


Z 2 = 

[T)\ 


f) 1 


(b) If the frequency is reduced to /' = ^ whilethedisplacement 
amplitude is doubled, the new intensity is 


I 2 =2^ 2 pu^j (2s max ) 2 =2 n 2 pvf 2 s 2 = J 


or the | intensity is unchanged] . 

I n terms of thei r i ntensiti es, the d ifference i n the deci bel Ievel of two 
sounds is 


p 2 -p 1 =(10 dB)log[ — ]-(l0 dB)log[ — ] 

\*o) v f o J 

=(l0dB)logfi .^j=(l0dB)log^j 
Thus, k = iq(P2-Pi)/io or / = jxio (fe - A)/1 ° 

h 

If & - p 1 = 30 d B and I 1 = 3.0x 1CT 11 W/ m 2 , then 

I 2 =(3.0x lCr 11 W/ m 2 ) x 10 3 =| 3.0x10 8 W/ m 2 
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P17.24 


P17.25 


P17.26 


The intensity is given by 7 = —^-. 

4kt 

The power is not given, but the intensity at a known distance is 

p 

I = —which gives 

4kv 

P avg =i( r )4nr 2 =4tt(o. 25W/ m 2 )(l6m) 2 =804.2 W 
which can then be substituted back into the same equation: 


7 = 


804.2 W 


4kv 2 4^(28 m) z 


-2 = 0.082 W/ m 2 


(a) From the sound level equation, 
120 dB 

P 


=< 10 dB ) |O 9 [^w] 

7 =1.00 W/m 2 


4k r 


6.00 W 


1.00W/ m 2 


r = 0.691m 


We have assumed the speaker is an isotropic point source, 
(b) Again from the sound level equation, 

7 


OdB =(l0 dB) logl 


^ld 12 W/ m 2 
7 =1.00x 10r 12 W/ m 2 


6.00 W 


4k l.OOxHT 12 W/ m 2 


r =1691km I 


We have assumed a uniform medium that absorbs no energy. 
The decibel level due to the first siren is 

ft =(l0dB) log f 100 -° W m2 1 =14Q dB 
1 ' ' ! 10/10“ W/m 2 J 

Thus, the decibel level of the sound from the ambulance is 

P 2 =p, +10 dB =140 dB +10 dB = |150dB| 
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*¥17.27 (a) The intensity of sound at 10 km from the horn (where/? = 50 dB) 

is 

I =I 0 l(f ,w =(l.0x 1CT 12 W/ m 2 ) 10 50 =1.0x lor 7 W/ m 2 

p 

Thus, from I = -—the power emitted by the source is 
4nr 


P =4nr 2 I =4 k( 10.0x 10 3 m) 2 (l.0x 1 (T 7 W/ m 2 ) =126 W 
(b) Atr=50m, theintensity ofthesound will be 
P 1.3x 10 2 W 


1 4nr 2 %(50m) 2 
and the sound level is 


=4.0x 10 3 W/ m 2 


P =(10 d B) I og I — 


=(10 dB) log 


4.0x 1(T 3 W/ m 2 
lOxlCT 12 W/ m 2 J 


P17.28 (a) Thesound intensity inside the church isgiven by 

P ={10 dB)log|Tj 

lOldB^lOdBJlogf^^) 

I =10 101 (l0- 12 W/ m 2 ) =1CT 190 W/ m 2 =0.012 6 W/ m 2 

We suppose that sound comes perpendicularly out through the 
windows and doors. Then, the radiated power is 

P =ia =( 0.012 6 W/ m 2 )(22.0 m 2 ) =0.277 W 

Are you surprised by how small this is? The energy radiated in 
20.0 minutes is 

E =Pt =(0.277 J/s)(20.0min)f I ^-]=^Jl 

(b) If the ground reflects all sound energy headed downward, the 
sound power, P =0.277 W, covers the area of a hemisphere. One 
kilometer away, this area is 

A =2 nr 2 =2tt( 1000 m) 2 =2/rxl0 6 m 2 
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P17.29 


The intensity at this distance is 

r- = 4.41 X 10r 8 W/ m 2 


l _P _ 0.277 W 
~~ A _ 2^xl0 6 m 2 " 


and the sound intensity level is 

' 4.41x 1CT 8 W/ m 2 


P =(10 dB)log^ 


(a) 


(b) 


v l.OOx Id 12 W/ rrv 
For the initial low note the wavelength is 
A , = 34|nVs = ^^ 


=| 46.4 dB | 


/ 146.8/ s 


For the final high note A = 5 = | 0.390 m | 


880/ s 

We observe that the rati o of the frequenci es of these two notes i s 
880 Hz 

——— = 5.99, nearly equal to a small integer. This fact is 
146.8 Hz 

associated with the consonance of the notes D and A. 

(c, d) The intensity level for both notes is the same 75.0 dB: 

I 


>3 = (10 dB) log 


10 12 W/rrf 


= 75 dB 


gives I = 3.16x 1CT 5 W/ m 2 

Therefore, the pressure amplitude for both low and high notes is 

^ r AP 2 . 

the same, and I = —^ gives 
2pv 

A =y/2pvl 

=^2(l.20 kg/ m 3 )(343 m/ s)(3.16x 10r 5 W/ m 2 ) 
= 10-161 Pa| 

(e) I =lpv(<os m f =\pv^fh^ -4 Sm „ =j 

We see that for the same i ntensi ty I evel, the d i spl acement 
amplitude is inversely proportional to the frequency. 
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For the low note, 
1 


3.16x 1CF 5 W/m 2 
146.8/s^ 2n 2 (1.20 kg/m 3 )(343 m/s) 

6.24x 1CT 5 m/s i . „ 7 —i 

= — _ J = 4.25x 1CT 7 m 

146.8 s' 1 1 - 1 


(f) For the high note, 

_ 6.24x 1(T 5 m/ s 
Smax_ 880 s 1 


= 7.09xl(r 8 m 


P17.30 We begin with p 2 =(10 dB)log and =(10 dB)log[ — |, so 


Pz-Pi =(10dB)log 


P P 

Also, I 2 = - 5 - and I, = -— f , giving ^- = 1 -i 

2 4 nr 2 1 4 nr 2 y y T I - 


'T-{~ 


Then, p 2 -p 1 =(10 dB)log= 20log 


P17.31 From p = 10 log — — 1 , —— , we have 
^ 10 W/m 2 J 

I =[10 fl/1 °](l0r 12 W/ m 2 ) 

(a) For your baby, 

I b =(l0 75Q ' 1 °)(lCr 12 W/ m 2 ) =3.16x 1(T 5 W/ m 2 
For the music, 

4 =(l0 800/10 ) (10- 12 W/ m 2 ) = 10.0 x 10 5 W/ m 2 
The combined intensity is 

^ total = I m 

=10.0x 10 5 W/ m 2 +3.16x 1 (T 5 W/ m 2 
= [ 13.2x 1CT 5 W/ m 2 ] 
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P17.32 


P17.33 


(b) The combined sound level is then 


/U = 10 | og( 1 < f ^)= 10 | og(- 
= |81.2dB| 


1.32 x 10“ 4 W/m 2 ^| 
10" 12 W/m 2 J 


The speakers broadcast equal ly i n al I di rections, so the i ntensity of 
sound is inversely proportional to the square of the distance from its 
source. 


(a) 


~ =V3.00 2 +4.00 2 m =5.00 r 


f =^ = 1.00xl^W-3. 18xl(r6w/ m 2 


%r 2 


%(5.00n 


j8=(l0dB)log 


3.18x lQr 6 W/ m 2 
10 12 W/ m 2 
j8=(l0dB) 6.50= |65.0dBl 
(b) r BC = 4.47 m 

i.50x icr 3 w 


7 = 


4/r (4.47 m) 2 


=5.97x 1(T 6 W/ m 2 


Q f 5.97 xHT 6 W/m 2 

' i=(10uH ' io<! 10 - W.nr’ 

P = | 67.8 dB 

(c) 7 = 3.18 pW/m 2 + 5.97 pW/rm 2 


0 /in , D x. f 9.15xl0r 6 W/m 2 I I I 

P =(lOdB)log^ icrl2w/m 4 JT^dg] 


The sound intensity at di stance d 1 is, suppressing units, 


h 


AP^ ax _ (10.0) 2 

’ 2pu 2(1.20) (343) 


=0.121 W/m 2 


If air does not absorb sound energy, the intensity of sound is inversely 
proportional to the square of the distance from its source. The intensity 
at distance^ is 



=1.89x 1(T 3 W/ m 2 
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P17.34 


P17.35 


which has an intensity level of 


&=( 10dB)log 


ta 


=(!0dB)log 


1.89xlCT 3 W/ m 2 "| 

1 (T 12 W/m 2 J 


=92.77 dB 

A11 ow i ng for absorpti on of the wave over the d i stance travel ed, 
P2 =P 2 ~( 7-00 dB/km)(3.50km)= |68.3dBl 


This is equivalent to the sound intensity level of heavy traffic. 

(a) The energy transferred by sound from the explosion is 

T mw =PAt =4xr 2 IAt 

= %(100m) 2 (7.00xlCr 2 W/ m 2 )(0.200s) 

H 1-76 kj | 

(b) ^< 10dB >K^) = ® 

From the definition of sound level, 

^ =10lo9 (l0- 12 W/m 2 ) 

we can compute the intensities corresponding to each of the levels 
mentioned as / =[10 p/10 ]10r 12 W/ m 2 . 

They are / 120 =lW/m 2 

/ 100 =10r 2 W/m 2 
and / 10 = 10 11 W/ m 2 

(a) The power passing through any sphere around the source is 
Power = 4nr 2 I. If we ignore absorption of sound by the medium, 
conservation of energy for the sound wave as a system requires 
that r 12 c/i 2 o = r iaAoo = Tlo^io ■ Thon 

r ™ = = (3 '°° m) ^lffMWAn 2 = 

<b) r M = r EO JS = (3.00m)p^^ = l9^®^| 
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P17.36 


Weassumethat both lawn mowers are equally loud and 
approximately the same distance away. We found in 
Example 17.3 that a sound of tw ice the intensity results in 
an increase in sound level of 3dB. We also see from the 
What If? section of that example that a doubling of loudness 
requires a 10-dB increase in sound level. Therefore, the 
sound of two lawn mowers will not be twice the loudness, 
but only a little louder than one! 


Section 17.4 The Doppler Effect 

P17.37 The source and detector of waves are both movi ng with respect to the 

medium in which thewaves are travel ling. 

(a) The general form of the Doppler equation is: 



where the positive signs for v D and v s are for source or observer 
approaching each other. When the ambulance is approaching the 
car from behind: 

= [475 Hz 

(b) When the ambulance is moving away in front of the movi ng car: 

r fe)/ = (m$I )) 450 Hz =(a956)450 Hz 

= [430 H z 

P17.38 The half angle of the shock wave cone is given by sin0 = ^^. 

v s 

_ = 2.25xlCf m/s = | z82xlffm/s | 
s sin# sin (53.0°) 1 - 1 
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P17.39 


P17.40 


(a) The Doppler-shifted frequency isfound from 

_f(v +v 0 ) 


r- 


"F+T 


=( 2500Hz >S^l=CMm] 


' (343- 40.0)" 

(b) After the pol ice car passes, 


/' =(2 500Hz)| 


343+(-25.0) 
343-(-40.0) 


= 2.08 kHz 


(c) Whi Ie the pol i ce car overtakes the dri ver, 


/' =(2 500Hz)| 


343+(-25.0) 
343- 40.0 
After the pol ice car passes, 


= 2.62 kHz 


^=< 2500HZ (3f(^)) = ^™ 


(a) Equation 17.19, /' =/ 


v +v 0 
v-v _ 


, applies to an observer on [ 


because B is receiving sound from source A. 

(b) The sign of v s should be | positive] because the source is moving 
toward the observer, resulting in an increase in frequency. 

(c) The sign of v D should be | negative] because the observer is 
moving away from the source, resulting in a decrease in 
frequency. 

(d) Thespeed of sound should bethatof the medium of seawater, 

11533 rrVs| . 

[(1 533 nrV s) +(-3.00 m/ s)] 


(e> f 0 =fs 


V +v 0 
v-v„ 


=(5.27x 10 3 Hz) 
5.30x lO 3 "^ 


(1 533 m/s)-(+11.0 m/s) 
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P17.41 


P17.42 


(a) The maximum speed of the speaker is described by 


1 2 1,, 2 

-mZTax = -&A 

U max =\l^ A = j 20 fm/ m I 0 ' 500 m ) =100 m / S 

max \m \ 5.00 kg v 7 ' 

The frequencies heard by the stationary observer range from 



(c) /3=(10dB)log — =(l0dB)log P ^ 4;rr 

J l h 


The maximum intensity level p max =60.0 dB occurs at r =r min = 
1.00 m. The minimum intensity level occurs when the speaker is 
farthest from the listener, i.e., when r =r max =r min +2A =2.00 m. 

Thus, j3 -j8 min = (10dB)log[ - f 2 - (10 dB)log f 2 

l 4 ^VminJ l^VmaxJ 

or 


/5 m ax-j8 min = (10dB)log 


= (10 dB) log 


r P 

l 4 ^Vmin P J 

^j = (20dB)log^ 


r ma , 

r mir 




This gives: 

60.0 dB-/? min =(20 dB) log(2.00) =6.02 dB 
or £ min = 54.0 dB ‘ 


The maximum speed of the speaker is described by 
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P17.43 


The frequencies heard by the stationary observer range from 


to (b) = 


where vis the speed of sound. 

(c) p =(10 dB) log^y- j=(l0 dB) log ^ 7 ^ j 

The maximum intensity level /? max =p occurs at r =r min =d. The 
minimum intensity level occurs when the speaker is farthest from 
the listener, i.e., when r =r max =r min +24 =d+2A. 

Thus, 

- ‘“"B) ' O 9 fe)- (10dB) 

or 


“ m 

V+ A y 

m 



J p teh/L) 
( 4 ^h r L p , 


j8 ma x-)8 min = (10dB)log^ 

= (10 dB) logf>^| = (20 dB) logl ^ I 


f 

g -max 

V r rnin J 


This gives: 

P - Pmin =(20dB)log(^^pj 


or j8 min =h8-(20db)log 1+- 


2A^ 


(a) co = 2nf = 2 jt\ 


115 min-M 


12.0 rad/ s 


^60.0 s/mi n J 

v max =o)A =(12.0 rad/s)(l.80x 1 O' 3 m) = | 0.0217m/s 
(b) The heart wal I i s a movi ng observer: 

fv+v n 


A/'=/'-/=/ 

=(2 000000 Hz) 




0.0217 

1500 


= 28.9 Hz 
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(c) Now, the heart wall is a moving source: 

f v +v n 


Af"=f 


v-v s 
v(v +v n 


-f=f 


=f 


-f 

v o +u s 
v-v c 


Si nee the velocities of the source and the observer i n these 
expressions are both referri ng to the movement of the heart wal I, 
and the velocity of the sound wave is much greater than those 
velocities, we may approximate: 


A/" 

A/" 



2.00x 


10 6 Hz)f 


0.043 4 
'L 1500 


= | 57.9 H z | 


P17.44 The apparent frequency drops because of the Doppler effect. Using a T 
subscript for the situation when the athlete moves toward the horn, and 
A for movement away from the horn, we have, 

U. V 

[a A v ~ v s J _ v +Vqa + (~ v o) _ V-Vq 
fr f V +Vqt U +V OT V +(-to 0 ) v +V Q 

^ v - v s J 


P17.45 


where v 0 is the constant speed of the athlete. Setting this ratio equal to 
5/ 6, we have 


5 _ v-v 0 

6 v +v n 


Sv +5u n =6 v - 6v n 


llv n =v 


Solving for the speed of the athlete, 
v 343 m/ s 


= 31.2 m/ s 


|This is much faster than a human athlete can run.| 

Let v a represent the magnitude of the velocity of the ambulance. 


As it approaches you hear the frequency f' = j/ = 560 Hz. 

The negative sign appears because the source is moving toward the 
observer. The opposite sign with source velocity magnitude describes 
the ambulance moving away. As the ambulance recedes, the Doppler- 
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shifted frequency is 

/'=(^r)/ =480Hz - 


Solving the second of these equations for f and substituting into the 
other gives 



f" or f'v - f'v a = vf" + vj" 


so the speed of the source is 


_v(f’ - /") _ (343 nY s)(560 Hz - 480 Hz) 
~ 7 +7 560 Hz +480 Hz 


126.4 rrV §) 


P17.46 We first determine how fast the tuning fork isfalling to emit sound with 
apparent frequency 485 H z. Cal I the magnitude of its vel ocity v fall . The 
tuning fork source is moving away from the listener, so v s =-v fall . 


Therefore, we use the equation /' =| ^ jf 

Solving for v fall gives - +Z7fa " and v M =v ^j~ 1 j ■ 

Substituting, we have v m ={ 5 ^ 2 Hz -1)(343 m/ s) =19.1 m/ s. 
v485 Hz ) 

The time interval required for the tuning fork to reach this speed, from 
the particle under constant acceleration model, is given by 

=0+a y t as t =vja y =(19.1 m/sy(9.80m/s 2 ) = 1.95s 

The d i stance that the fork has fal I en i s 

Ay =0 +^a/ =^(9.80 nr/ s 2 )(1.95 s) 2 =18.6 m 

At this moment, the fork would appear to ring at 485 Hz to a 
stationary observer just above the fork. However, some additional time 
isrequired for thewavesto reach the point of release. The fork is 
moving down, but the sound it radiates still travel saw ay from its 
instantaneous position at 343 m/ s. From the traveling wave model, the 
ti me i nterval it takes to return to the I i stener i s 

At = Ay/ v = 18.6 rr/ (343 rrV s) = 0.054 2 s 
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Over a total ti me t + At = 1.95 s + 0.054 2 s = 2.00 s, the fork fal I s a total 
distance 


^ total - 2 ^ total fall - I ffiZ m I 

P17.47 (a) We find the shock angle from 

6 = sin| —1 =sin(jt 6 ) 1 = 19.5" 


from tan 0 = -, 

x 

h 20000 m 


tan 0 tan 19.5' 

It takes the plane 

x 5.66x 10 4 m 


=5.66x 10 4 m =56.6 km 


1 v s 3.00(335 m/s) ' 56-3 S ' 


to travel this distance. 

(b) From part (a), x = 156.6 km| 



ANS. FIG. P17.47 


Additional Problems 

sf, Pl7.48 The size of the insect detected by the bat will be comparable to the 
wavelength of sound emitted by the bat: 


v _ 340 m/s 

60.0 xlO 3 s _1 


| 5.67 mm~ 
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*17.49 


P17.50 


At normal body temperature of T =37.0°C, the speed of sound in air is 


0 =(331 m/ s)jl+^ =(331 nrV s)jl+^ =353 m/ s 
having a frequency of f=2 
= 1.76x 10 2 m = 11.76 cm | 


and the wavelength of sound having a frequency of f=20 000 Hz is 
^ _ v _ 353 m/ s 
20 000Hz 

Thus, the diameter of the eardrum is 11.76 cm.| 

(a) The wavelength of the note is 

„ v 343 m/s | —| 

/ 1480 s' 1 1 - 1 

(b) We find the intensity of the 81.0 dB sound from 

I 


P =81.0 dB =(10 dB) log 


Id 12 W/rrr 


Then, 


7=( 10- n W/m 2 ) 10 s 10 = 10r 3 90 W/m 2 =1.26x1a 4 W/m 2 

1 2 2 
=-pVCO 

Which gives a displacement amplitude of 


21 


2( 1.26x1a 4 W/m 2 ' 


max "VP^ 2 ^(1.20 kg/m 3 )(343 m/s)4^ 2 (l480s 

= | 8.41 x la 8 m | 

(c) The wavelength of the F above high C is 
v 343 m/s „ 

/' 1397 s- 1 

and the change in wavelength is 


AA = A' - A = 0.246 m - 0.232 m = 13.8 n 
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P17.51 


P17.52 


P17.53 


The trucks form a train analogous to a wave train of crests with speed 

2 

v = 19.7 m/ s and unshifted frequency / =-— = 0.667 min -1 . 

J 3.00 min 

(a) The cycl ist as observer measures a lower Doppler-shifted 
frequency: 

= | 0.515/min | 

(t>) /" =/f^) =(0-667 min-Qf lft7 ^~ L56) j = | 0.61^/min | 

The cyclist's speed has decreased very significantly, but there is 
only a modest increase in the frequency of trucks passing him. 

We calculate the i ntensity of the speaker from 
103dB=(l0dB)log [ w ^ ? ) 

which gives J = 2.00xl(T 2 W/m 2 

(a) We find the sound power output from 



which gives 

P =4nr 2 I =%(1.60m) 2 (2.00x 1 (T 2 W/m 2 ) = \0M2W] 

(b) The efficiency of the speaker is 

e = jk = 0jj2W = ra004| or 1 M 
P in 150 W 1 - 1 1 - 1 

The fl ow of traffi c at ni ght is V 20th that of the afternoon, so 


P, = —R 

2 20.0 1 

The difference in sound level is 


A? = lOlogl 
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*P17.54 


*P17.55 


P17.56 


solving for the sound level at night gives 
80.0- P 2 =10 log (20.0) =+13.0 
[3 2 = | 67.0 dB | 


(a) We have /' = and /" =—^—r- We then have 

v-u v-y-u) 

r r=A^ .L' 


v-u V+ul 
fv{v +u-v +u) _ 2 uvf 

7 ^? 771F 

V \ 1- k 


Af- 


(b) 130 km/ h = 36.1 m/ s 

2(36.1 m/s)(400 Hz) 


Af- 


(340 m/ s) 1- 


(36.1 m/ s) 2 
(340 m/ s) 2 


=| 85.9 Hz | 


The sound speed is 

v =331 m/ s+(0.600 nrV s- °C)(26.0°C) =347 m/s 
(a) Lett represent the time for the echo to return. Then 

d = \ Vt = ^ {347 ^ s ) ( 240x 10 3 s ) = l 416 m I 


(b) Let Af represent the duration of the pulse: 


10A _ 10A _ 10 _ 10 

’4 * 7| / 22.0x10^ # 


=| 0.455 ps 


. . j lOu 10(347 m/s) r+TT+s- 1 

(c) L-10X= T = ^ 0xlo6 ;.; =| 0.158mm | 


(a) Thesound "pressure" is extra tensile stress for one-half of each 
cycle. When it becomes (0.500%)(13.0 x 1&° Pa) =6.50 x 10P Pa, the 
rod will break.Then, AP max = pz?®s max and 


_AP max _ 6.50x10 s N/m 2 

Smax pvco (8.92xl0 3 kg/m 3 )(5 010 m/s)(2^500 s 1 ) 

= | 4.63 mm | 

(b) From s =s max cos(kx-cot), differentiating gives 


3s 

=— =-COS m . 

3 1 


s\r\[kx-cot) 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in wholeor in part. 



920 Sound Waves 


P17.57 


P17.58 


then 

z^max =«s max =(27r500 s“ 1 )(4.63 mm) = | 14.5 m/s | 

(C) I =^pv(0)S max f =^pUUmax 

=^(8.92x 10 3 kg/m 3 )(5010 m/s)(l4.5 m/s) 2 
= [~473x 10 9 W/m 2 ~] 

The gliders stick together and movewith final speed given by 
momentum conservation for the two-glider system: 

m 1 v 1 +m 2 v 2 =m 1 v 1 +0 =[m 1 +m 2 )v 

v _ ( al 50 k g)(2.30 nV s) ^ ^ s 

m-L +m 2 0.150 kg +0.200 kg 

The missing mechanical energy is 

AK +m 2 )v 2 

J(0.150 kg)(2.30 m/ s) 2 -^(0.350 kg)(0.986 m/ s) 2 
=0.227 J 

We i magi ne one-half of 227 mj goi ng i nto i nternal energy and half i nto 
sound radiated isotropically in 7.00ms. Its intensity 0.800 m away is 


>227 j) 


1 At %{0.8IMm) 2 (7.00xia 3 s 
Its intensity level is 


P =(l0dB)log 


2.01 W/ m 2 
l.OOx 1(T 12 W/ m 2 


=2.01 W/ m 2 


=123 dB 


It is unreasonable, implying a sound level of 123 dB. Nearly all of the 
decrease in mechanical energy becomes internal energy in the latch. 


(a) 


The wave moves outward equally in all directions. (Wecantell 
itisoutward because of the negative sign in 1.36r-2 030f.) 
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P17.59 


(b) 


Its amplitude is inversely proportional to its distance from 
the center. Its i ntensity is proportional to the square of the 
ampl itude, so the intensity fol lows the i nverse-square law, 
with no absorption of energy by the medium. 


(c) 


Its speed is constant at v = fl = col k = (203CK s)/ (1.3(7 m) = 
1.49 km/ s. By comparison to the table in the chapter, it can 
be moving through water at 25°C, and we assume that it is. 


(d) | Its frequency is constant at (2030/ s)/ 2n = 323 H z.| 

(e) I Its wavelength is constant at 2 n! k = 2 n! (1.36/ m) = 4.62 m.l 


(f) 


| Its pressure amplitude is (25.0 Pa/ r). Its intensity at this distance is| 

_ AP/ ax [( 2 5N/m 2 )/r] _209 p\N/ m 2 

2 pv 2( 1000 kg/ m 3 )(1490 m/ s) r 2 

I so the power of the source and the net power of the wave at al I 
|distances is 

„ TA 2 ( 2-09x 1(T 4 W/m 2 , _ 2 ... 

P =I4nr = --- 4;7rr =2.63 mW 


(g) 


Its intensity followsthe inverse-square law; atr =1 m, the) 
intensity is 209 juW/ m 2 . 

(a) The speed of a compressi on wave i n a bar i s 


\Y 20.0x 10 10 N/m 2 i & 

v= — =1 - r-L— = 5.04X10 3 m/s 

\p ]l 7 860 kg/m 3 1 - 

(b) The signal to stop passes between layers of atoms as a sound 
wave, reaching the back end of the bar in time interval 


0.800 m 


- = | 1.59xl(r 4 s| 


v 5.04X10 3 m/s 

(c) As descri bed by N ewton's first law, the rearmost layer of steel has 
continued to move forward with its original speed v, for this time, 
compressing the bar by 

AL =v { At =(l2.0 m/s)(l.59x 1(T 4 s) =1.90x 1CT 3 m 
= | 1.90 mm | 
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(d) 

The strain in the rod is — = 

1.90x 10" m _ i 2 38x 1 ( j-j i 


L 

0.800 m 1 - 1 

(e) 

The stress i n the rod is 



cr =y^j=(20.0xl0 10 N/m 2 )(2.38x 1CT 3 ) 
44.76x10 s N/rrF] 


Since a >400 MPa, the rod will be permanently distorted. 

(f) We go through the same steps as i n parts (a) through (e), but use 
algebraic expressions rather than numbers: 


The speed of sound in the rod is v = 


The back end of the rod continues to move forward at speed v; for 


a ti me i nterval of A t = — = L^ 

v 

the front end hits the wall. 


, travel i ng d i stance AL = v t M after 


The strain in the rod is — = — = v i J— 
L L 1Y 


The stress is then a = Y^j= Yv i J^ = v i . y fpY 

For this to be I ess than the yield stress, o y , it is necessary that the 
maximum speed be 

g y 

i 4K 


P17.60 (a) Model your loud, sharp sound impulseasa single narrow peak in 

a graph of air pressure versus time. It is a noise with no 
frequency, wavelength, or period. It radiates aw ay from you in all 
directions and some of it is incident on each one of the sol id 
verti cal ri sers of the bl eachers. 


The repeated reflections from the steps create a repetition 
frequency so that the ear/ brai n combi nation assigns a pitch 
to the sound heard by the listener. 
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Suppose that, at the ambient temperature, sound moves at 343 
m/ s; and suppose that the horizontal width of each row of seats 
i s 60 cm. Then there i s a ti me d el ay of 


0.60 m 
343 m/s 


= 0.0017 s 


between your sound impulse reaching each riser and the next. 
Whatever its material, each will reflect much of the sound that 
reaches it. The reflected wave sounds very different from the 
sharp pop you made. 

(b) If there are twenty rows of seats, you hear from the bleachers a 
tone with twenty crests, each separated from the next in time by 

2 ir m) =0.003 5s 


This i s the extra ti me for it to cross the w i dth of one seat twi ce, 
once as an incident pulse and once again after its reflection. Thus, 
you hear a sound of definite pitch, with a period of about 0.0035 s, 
and frequency, 


-= 290 Hzl ~afew hundred Hz 

0.003 5 s 1 - 


P17.61 


(C) 


Wavelength 

w_343 nys 


m ~| l m | 


(d) and duration 

20(0.003 5 s) ~ [~oTs~| 


Let f e = 1800 H z represent the emitted frequency; v e the speed of the 
skydiver; and f g = 2 150 H z the frequency of the wave crests reachi ng 
the ground. 

(a) The skydiver source is moving toward the stationary ground, so 
we rearrange the equation f g = f ’ v ~ v to give 


”.4l4l=(343 n Vs)(l-l™H|)= [55^ 
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P17.62 


P17.63 


P17.64 


(b) The ground now becomes a stationary source, reflecting crests with 
the2150-Hz frequency at which they reach the ground, and 
sendi ng them to a movi ng observer, who receives them at the 
rate 


/ W ^)=<2 150 HZ )| 
= | 2 500 Hz| 


343 m/s+55.8 m/s 
343 m/s 


(a) 


(b) 

(c) 


The distance is larger by 240/ 60= 4 times. The intensity is 16 
ti mes smal I er at the I arger d i stance because the sound power 
is spread over a 42 ti mes larger area. 

The amplitude is 4 times smaller at the larger distance because 
intensity is proportional to the square of amplitude. 

The extra distance is (240- 60)/ 45= 4 wavelengths. The 
phase i s the same at both poi nts because they are separated 
by an integer number of wavelengths. 


(a) If the velocity of the insect is v x , 


40.4 kHz =(40.0 kHz) 


(343 m/ s +5.00 m/ s)(343 m/ s- v x ) 
(343 m/ s- 5.00 m/ s)(343 m/ s+uj 


Solving, v x = |3.29 m/ s| . 

(b) Therefore, | the bat is gaining on its prey at 1.71 m/s | . 


When the observer is moving infront of and in the same direction as 

the source, f' = f v ~ v ° , w here v 0 and v s are measured relative to the 

v — v s 

medium in which the sound is propagated. In this case the ocean 
current isoppositethedirection of travel of the ships, and 

y 0 =45.0 km/h-(-10.0 km/h) =55.0 km/h =15.3 m/s, and 
y s =64.0 km/h-(-10.0 km/h) =74.0 km/h =20.55 m/s 

Therefore, 


/' =(1200.0 Hz) 


(1533 m/s)-(15.3 m/s) 
(1533 m/s)-(20.55 m/s) 


=| 1 204.2 Hz'] 
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P17.65 


P17.66 


(a) If the pol ice car were at rest, the wavelength i n ai r of its si ren 
would be 

. v 343 m/s | n .... —i 
/ lOOOs' 1 1 - 1 

(b) In front of the pol ice car, 

r = - |j^L (343-4aO) m/s = 


, _v _v(v-v 


1000 s 1 

(c) Beh i nd the pol i ce car, 

Y_ v — v f v +u s (343+40.0) m / s 

~r ~/l v ) iooo s 1 

(d) Thefrequency heard by the speeder is 


= 0.383 m 


(a) 


( = | Hz ' (343 30.0) m/s = | 103kHz | 

(343- 40.0) m/s 1 - 1 

The sound through the metal arrives fi rst because it moves 
faster than sound in air. 


(b) Each travel time is i ndividually given by t=L/v. Thenthedelay 

( ]_ 1 V _ V 

between the pulses' arrivals is A t = L\ -= L-^—and 

^air V oj ) ^air^cu 

the length of the bar is 

L _ Af _(343 nys)(3.56xl0 3 nrys) 

i- [u - p„ (3560- 343) rrys 

|L = 380AT where Af is seconds and the length is in meters.| 

(c) L =(380 m/ s)(0.127s) = |48.2 nf 


(d) 


The answer becomes L = 


~1T~ 

343 


, whereu, is the speed of 


sound in the rod in meters per second, At is in seconds, and L 
is in meters. 


(e) 


Asv r goes to infinity, the travel timein the rod becomes 
negligible. The answer approaches 343A£, which isjustthe 
distance that the sound travels in air during the del ay time. 
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P17.67 


P17.68 


(a) 


TheMach angle in the air is 



(b) At impact with the ocean, 

|= |~440°~ 

The time interval required for a sound pulse to travel a distance L at a 

speed vis given by t = — = . Using this expression, wefind the 

u JWp 

travel time in each rod. 


„ . J 1533 

e =sin -- 

20.0x 10 3 


t -L l*~L £ 
1 - Ll V Yi ~~ ^ 7.1 


2.70 x 10 3 kg/rrV 


f 2 =(1.50 - L 1 ) t 


7.00 x 10 10 N/rrr 


11.3 x 10 3 kg/m 3 
1.60 x ltf° N/m 2 


V = M 1.96x 1CT 4 s/ m) 


= 1.26x 10r 3 s- (8.40x 10r 4 s/ m)L x 
t 3 = (1.50 m), 


aSOxlO 3 kg/m 3 =424xl(r » s 
11.0 x 10“ N m 2 U 


We requ ire^ +t 2 = t 3 , or 

(1.96x 1CT 4 s/ mJL, +(1.26x 1 Cr 3 s) 

- (8.40x 1CT 4 s/ m)L x =4.24x 1CT 4 s 

This gives 

L, =1.30 m and L 2 =(1.50 m) - (1.30 m) =0.201 m 


The ratio of lengths is j 1 = \} 


- 4 - 

ANS. FIG. P17.68 
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P17.69 Forthelongitudinal wave 


For the transverse wave 



If we require -^ = 8.00, we have T = 


.JX_ 

64.0p 


where u =— and 
L 


volume nr L 


This gives 


_nr 2 Y _7r(2.00xl(r 3 m) 2 (6.80x 10 10 N/m 2 ] 
“ 64.0 640 


= 1.34x 10 4 N 


*P17.70 (a) Sound moves upwind with speed (343- 15) m/ s =328 m/ s. 

Crests pass a stationary upwind point at frequency 900 Hz. Then 

, v 328 m/ s | n - 1 

A = — = ——-r- = 0.364 m 


/ 900 s- 1 


(b) By similar logic, A =j = ^ 343 ^ 5 ^ m ^ 5 = | 0.398 m~| 

(c) Thesource is moving through theair at 15 m/ stoward the 
observer. The observer i s stati onary rel ati ve to the ai r. 


r =f 


v +v 0 
v-v q 


=(900 Hz)| 


343 m/ s +0 
343 m/ s-15.0 m/ s. 


=| 941Hz | 


(d) Thesource is moving through theair at 15 m/ s away from the 
downwind firefighter. FIer speed relativetotheair is30m/ s 
toward the source. 


v +v 0 
v-v q 


r =f 

=(900 Hz)| 


=(900Hz)| 

373 nrV s' 
358 nrV s. 


343 m/ s +30.0 nrV s 
343 m/ s- (-15.0 nrV s) 

= | 938 Hz | 
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Challenge Problems 


P17.71 (a) If v Q =0m/s,then /' =-/. 

v- v s cos 6 S 

AI so, w hen the trai n i s 40.0 m from the i ntersecti on, and the car i s 
30.0 m from the intersection, 

4 

COS0 s = — 

e , 343 m/s x 

50 f ~343 m/ s- 0.800(25.0 m/ s) 5 

or f' = \ 531Hz | . 

(b) N ote that as the trai n approaches, passes, and departs from the 
intersection, d s varies from 0° to 180° and the frequency heard by 
the observer varies between the I imits 


f = ___ f = __(500 Hz) 

Jmax v-v s cos0° J 343 m/ s-25.0 m/s v ' 

= | 539 H z | 

to 

f = _ 1 _ f= _ 343 m/s _(500 Hz) 

Jmm v-v s cos 180° 343m/s+25.0m/s v ' 

= 466 Hz 

(c) Now v 0 =+40.0m/ s, and thetrain is40.0m from the intersection, 
and the car is 30.0 m from the intersection, so 


COS0 o = | 

343 m/ s +0.600(40.0 m/ s) 
* ~ 343 m/s- 0.800(25.0 m/s) 


(500 Hz) = [568 Hz| 


P17.72 (a) A NS. FIG. P 17.72 shows a force diagram of an element of gas 

indicating the forces exerted on the left and right surfaces due to 
the pressure of the gas on either side of the element. 

(b) LetP(x) represent absolute pressure as a function ofx.Thenet 
force to the right on the chunk of air is +P(x)A-P(x+Ax)A. 
Atmospheric pressure subtracts out, leaving 

[-AP(x +Ax) +A P[x)]A =-^-AxA 
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P(x)A 


I P(x + A x)A 


ANS. FIG. P17.72 

The mass of the air is Am = pAV = pAAx and its acceleration is 

3 2 s 


dt 2 


. So Newton'ssecond law becomes 


- d -^AxA = pAAx d -A 
dx dt 2 


(c) From the result above, we have 

3AP . d 2 s 

-A xA = pAAx — 5 - —> 

dx H dt 2 


dAP d 2 s 


Substituting A P = -{Bds/ 3x) (Eq. 17.3), we have 




B d 2 s _ d 2 s 
p dx 2 ~ dt 2 


(d) Into this wave equation we substitute a trial solution 
s[x, t)=s max cos[kx-cot). Wefind 


— =-A:s max sin [kx-(ot) 
dx 

d 2 s 

—y =-/c 2 s max cos [kx - cot ) 

dx 

ds 

— =-tos max sin [kx-cot) 

^4 =_ ® 2s m a x cos [kx - cot) 
dt 2 max 


p dx 2 dt 2 
B 


-fc 2 s max cos (kx - cot ) =-&> 2 s max cos (kx - cot) 
P 


This is true provided that —k 2 = co 2 ^ — = -, that is, provided 

P k A ~ 

it propagates with speed v = I— 


■S' 


- S' 
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P17.73 Figure 17.10 shows that each wavefront that passes the observer is 
spherical. Let 7 represent the period of the source vibration, and 7 MW 
be the energy put into each wavefront during one vibration. Then 

T 

[Power) avg =~y~. At the moment when the observer is at distance r in 
front of the source, he is receiving a spherical wavefront of radius 

R w = vAt, where At is the ti me i nterval si nee this energy was rad iated. 
Si nee the wavefront was radiated, the source has moved forward 
distance d s = v s At, sothetotal distance the wavefront has traveled is 

R w =r +d s -> vAt =r +vAt 

therefore, 

A t = —^— 
v-v s 

The surface area of the sphere is 4nR 2 =An[vAtf = ^ nv r .The 

energy per unit area emitted during onecycleand carried by one 
spherical wavefront is uniform with the value 

: _7 mw _ [Power)^T(v-v s ) 2 
A AkvV 

The energy carri ed by the wavefront passes the observer i n the ti me 
interval T' = V f, where f' is the Doppler-shifted frequency 



so the observer receives a wave with intensity 
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lNSWERS to even-numbered problems 


P17.2 

P17.4 

P17.6 

P17.8 


P17.10 

P17.12 

P17.14 

P17.16 

P17.18 

P17.20 

P17.22 

P17.24 

P17.26 

P17.28 

P17.30 

P17.32 

P17.34 


(a) 1.27 Pa; (b) 170 H z; (c) 2.00 m; (d) 340 nrV s 
5.81m 
1 x 10 11 Pa 

(a) The speed gradually changes from 
v = (331 m/ s)(l + 27°C/ 273°C) 1/ 2 = 347 nrV s to 
(331 m/ s) (1 +0/ 273°C) ]/2 =331 m/ s, a 4.6% decrease. The cooler air at 
the same pressure is more dense; (b) The frequency isunchanged 
because every wave crest in the hot air becomes one crest without 
delay in the cold air; (c) The wavelength decreases by 4.6%, from v/f= 
(347 nrV s) (4 000/ s) =86.7 mm to (331 nrtf s)(4 000/ s) =82.8 mm. The 
crests are more crowded together when they move more slowly. 

1.55 x 10“ 10 m 

(a) 153 m/s;(b) 614 m 

, 1 f \2[d-h) d-h) 2 . 

d — e J—- --At - above the ground 

2 IV 2 v ) 


SeeP17.16for complete solution, 
(a) 833 m; (b) 1.47 s 


(a) 5.00 x 10 5 W; (b) 3.00 x 10 3 J 


(a) I 2 = 



Ijl (b) intensity is unchanged 


0.082 W/m 2 
150 dB 

(a) 332J; (b) 46.4dB 



(a) 65.0dB; (b) 67.8 dB; (c) 69.6dB 
(a) 1.76 kj; (b) 108 dB 
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P17.36 Weassumethat both lawn mowers are equally loud and 

approximately the same distance away. Wefound in Example 17.3 that 
a sound of tw ice the intensity results in an increase in sound level of 3 
dB. Weal so see from the What If? section of that example that a 
doubling of loudness requires a 10-dB increasein sound level. 
Therefore, the sound of two lawn mowers will not be twice the 
loudness, but only a little louder than one! 

P17.38 2.82 x 10P m/ s 


P17.40 

P17.42 


(a) B; (b) positive; (c) negative; (d) 1533nrV s; (e) 5.30x 10 3 Hz 


(a)- 


T, ;(b) ’C ; <c)/S-(20dB)logfl+^'l 

. V+A * ( <> ) 
V m 


P17.44 This is much faster than a human athlete can run. 


P17.46 19.7 m 


P17.48 5.67 mm 


P17.50 (a) 0.232 m; (b) 8.41 x 10r 8 m; (c) 13.8 mm 

P17.52 0.642 W 


P17.54 (a) f ; (b) 85.9 Hz 

P17.56 (a) 4.63 mm; (b) 14.5 nrV s; (c) 4.73 x lOP W/ m 2 

P17.58 (a) The wave moves outward equally in all directions; (b) Its amplitude 

is inversely proportional to its distance from thecenter. Its intensity is 
proportional to the square of the ampl itude, so the i ntensity fol lows 
the inverse-square law, with no absorption of energy by the medium; 
(c) Its speed is constant v =/A =col k =(2 030/ s)(l.36/ m) =1.49km/s. 
By comparison to the table, it can be moving through water at 25° C, 
and we assume it is; (d) Its frequency is constant at 
(2 03(y s)/ 2k =323 Hz; (e) Its wavelength is constant at 
2nI k =2k/ (1.36/ m) =4.62 m; 

(f) p = M n r 2 = ^ Z09xl( ^ w/ m2 j% r 2 = 2.63 mW ; (g) Its intensity 

fol lows the inverse-square I aw; atr = lm, the intensity is 209 p\N/ m 2 

P17.60 (a) The repeated reflections from the steps create a repetition frequency 

so that the ear/ brain combination assigns a pitch to the sound heard 
by the listener; (b) ~afew hundred Hz; (c) ~lm; (d) ~0.1s 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in wholeor in part. 



Chapter 17 933 


P17.62 (a) The distance is larger by 240/ 60 =4 times. The intensity is 16 times 

smaller at the larger distance because the sound power is spread over a 
42 ti mes larger area; (b) The ampl itude is 4 ti mes smal Ier at the larger 
distance because intensity is proportional to the square of amplitude; 

(c) The extra distance is (240 - 60)/ 45 =4 wavelengths. The phase is the 
same at both points because they are separated by an integer number 
of wavelengths 

P17.64 1204.2 Hz 

P17.66 (a) The sound through the metal arrives first because it moves faster 

than sound in air; (b) L=380Af, where At is in seconds and the length 

is in meters; (c) 48.2 m; (d) The answer becomes L = ^ At ^ where v r 

343~rT 

is the speed of sound in the rod in meters per second, At is in seconds, 
and L is in meters; (e) As v r goes to infinity, the travel time in the rod 
becomes negligible. The answer approaches 343Af which is just the 
d i stance that the sou nd travel s i n ai r d u ri ng the d el ay ti me 

P17.68 6.45 

P17.70 (a) 0.364m; (b) 0.398 m; (c) 941 Hz; (d) 938 Hz 

P17.72 (a) SeeANS. FIG P17.72; (b) See P17.72(b) for full explanation; (c) See 

P17.72(c) for full explanation; (d) See P17.72(d) for full explanation. 
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Superposition and Standing Waves 


CHAPTER OUTLINE 


18.1 A nalysi s M odel: Waves i n I interference 

18.2 Standing Waves 

18.3 Analysis Model: Waves Under Boundary Conditions 

18.4 Resonance 

18.5 Standing Waves in Air Columns 

18.6 Standing Waves in Rods and Membranes 

18.7 Beats: I nterference i n Ti me 

18.8 N onsinusoidal Wave Patterns 




lNSWERS to objective questions 


OQ18.1 The ranking is (d) >(a) =(c) >(b). In the starting situation, the waves 
interfere constructively. When the sliding section is moved out by 
0.1m, the wave going through it has an extra path length of 
0.2 m =A/4, to show partial interference. When the slide has come out 
0.2 m from the starting configuration, the extra path length is 
0.4 m = A/2, for destructive i nterference. A nother 0.1 m and we are at 
r 2 - r 1 =3A/4for partial i nterference as before. At last, another equal 
step of sliding and one wave travels one wavelength farther to 
i nterfere constructively. 

OQ18.2 The fundamental frequency is described by 
/, = £. where 

(i) Answer (e). If L is doubled, then the wavelength of the 
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OQ18.3 

OQ18.4 


OQ18.5 


OQ18.6 


OQ18.7 


OQ18.8 


fundamental frequency is doubled, then f =v/ A will be reduced 
by a factor of ^. 


(ID 


Answer (d). If ju is doubled, then the speed is reduced by a 


factor of 


V2' 


so f =v/A, wi 11 be reduced by a factor of 


V2‘ 


(Hi) Answer (b). If T is doubled, then the speed is increased by a 
factor of V2, sof=v/ A will i ncrease by a factor of V2. 

Answer (c). The two waves must have slightly different amplitudes 
at P because of their different distances, so they cannot cancel each 
other exactly. 

(i) Answer (e). If the end isfixed, there is inversion of the pulse 
upon reflection. Thus, when they meet, they cancel and the 
amplitude is zero. 

(ii) Answer (c). If the end is free, there is no inversion on reflection. 
When they meet, the amplitude is 24 =2(0.1 m) =0.2 m. 


Answer (a). At resonance, a tube closed at one end and open at the 
other forms a standing wave pattern with a node at the closed end 
and anti node at the open end. In the fundamental mode (or first 
harmonic), thelength of the tube closed at one end isaquarter 
wavelength (L =XJ 4 or =4 L). Therefore, for the given tube, 
=4(0.580 m) =2.32 m and the fundamental frequency is 


= — = 343 m/s _ ^ 
A, 2.32 


Answer (e). The number of beats per second (the beat frequency) 
equals the difference i n the frequencies of the two tuni ng forks. Thus, 
if the beat frequency is 5 Hz and one fork is known to have a 
frequency of 245 Hz, the frequency of the second fork could be either 
f 2 =245 Hz - 5 Hz =240 Hz or f 2 =245 Hz +5 Hz =250 Hz. This 
means that the best answer for the question is choice (e), since 
choices (a) and (d) are both possibly correct. 

Answer (d). The tape will reduce the frequency of the fork, leaving 
the stri ng frequency u nchanged. I f the bi t of tape i s smal I, the fork 
must have started with a frequency 4 H z below that of the string, to 
end up with a frequency 5 Hz below that of the string. The string 
frequency is 262 + 4 = 266 Hz. 

Answer (c). The bow string is pulled away from equilibrium and 
released, similar to the way that a guitar string is pulled and released 
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when it is plucked. Thus, standing waves will be excited in the bow 
string. If the arrow I eaves from the exact center of the string, then a 
series of odd harmonics will be excited. Even harmonics will not be 
excited because they have a node at the poi nt where the stri ng 
exhibits its maximum displacement. 

OQ18.9 Answer (d). The energy has not disappeared, but isstill carried by 
the wave pu I ses. Each el ement of the stri ng stil I has ki neti c energy. 
This is similar to the motion of a simple pedulum. The pendulum 
does not stop at its equilibrium position during oscillation—likewise 
the elements of the string do not stop at the equilibrium position of 
the string when these two waves superimpose. 

OQ18.10 Answer (c). On a string fixed at both ends, a standing wave with 

three nodes is the second harmonic: there is a node on each end and 
one i n the mi ddI e, so it has two anti nodes because there i s an 
anti node between each pai r of nodes. The number of anti nodes i s the 
same as the harmonic number. Doubl i ng thefrequency gives the 
fourth harmonic, therefore four anti nodes. 

OQ18.11 Answers (b) and (e). The strings have different I inear densities and 
are stretched to different tensions, so they carry stri ng waves with 
different speeds and vibratewith different fundamental frequencies. 
They are al I equal ly long, so the stri ng waves have equal 
fundamental wavelengths. They all radiate sound into air, where the 
sound moves with the same speed for different sound wavelengths. 

OQ18.12 Answer (d). The resultant amplitude is greater than either individual 
amplitude, wherever the two waves are nearly enough in phase that 
24 cos(0/ 2) is greater than A . This condition is satisfied whenever the 
absolute value of the phase difference 0 between the two wavesis 
I ess than 120°. 


lNSWERS to conceptual questions 


CQ18.1 The resonant frequency depends on the length of the pipe. Thus, 

changing the length of thepipewill cause different frequencies to be 
emphasized in the resulting sound. 

CQ18.2 No. The total energy of the pair of waves remains the same. Energy 

missi ng from zones of destructive i nterference appears i n zones of 
constructive interference. 

CQ18.3 What is needed is a tuning fork—or other pu re-tone generator— of 
the desired frequency. Strike the tuning fork and pluck the 
corresponding string on the piano at the same time. If they are 
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CQ18.4 

CQ18.5 


CQ18.6 

CQ18.7 


precisely in tune, you will hear a single pitch with no amplitude 
modulation. If the two frequences are a bitoff, you will hear beats. 

As they vibrate, retune the piano string until the beat frequency goes 
to zero. 

Dampi ng, and nonl i near effects i n the vi brati on, transform the 
energy of vibration into internal energy. 

(a) The tuning fork hits the paper repetitively to make a sound like 
a buzzer, and the paper efficiently moves the surrounding air. 
The tuni ng fork wi 11 vi brate audi bly for a shorter ti me. 

(b) Instead of just radiating sound very softly into the surrounding 
air, the tuning fork makes the chalkboard vibrate. With its large 
area this stiff sounding board radiates sound into the air with 
higher power. So it drains away the fork's energy of vibration 
faster and the fork stops vibrating sooner. 

(c) The tuni ng fork i n resonance makes the col umn of ai r vi brate, 
especially at the anti node of displacement at the top of the tube. 
Its area is larger than that of the fork tines, so it radiates louder 
sound into the environment. The tuning fork will not vibrate for 
so long. 

(d) The cardboard acts to cut off the path of air flow from the front 
to the back of a single tine. When a tine moves forward, the high 
pressure ai r in front of the ti ne can si mply move to fi 11 i n the 
lower pressure area behind the tine. This "sloshing" of the air 
back and forth does not contribute to sound radiation and 
results in low intensity of sound actually leaving the tine. By 
cutting off this "sloshing" path by bringing the cardboard near, 
the ti ne becomes a more effi ci ent rad i ator. Thi s i s the same 
theory as that involved with placing loudspeakers on baffles. A 
speaker enclosure for a loudspeaker is equivalent to an infinite 
baffle because there is no path the high pressure ai r can fi nd to 
cancel the lower pressure ai r on the other side of the speaker. 

The loud ness varies because of beats. The propellers are rotating at 
slightly different frequencies. 

Walking makes the person's hand vibrate a little. If the frequency of 
this motion is equal to the natural frequency of coffee sloshing from 
si de to si de i n the cu p, then a I arge-ampl itude vi brati on of the coffee 
will build up in resonance. To get off resonance and back to the 
normal case of a smal l-ampl itude disturbance produci ng a smal I - 
amplitude result, the person can walk faster, walk slower, or get a 
larger or smaller cup. You do not need a cover on your cup. 
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CQ18.8 Consider the level of fluid in the bottle to be adjusted so that the air 
column above it resonates at the first harmonic. This is given by 

/=-^-. Thisequation indicatesthat as the length L ofthecolumn 

increases (fluid level decreases), the resonant frequency decreases. 

CQ18.9 N o. Waves with all waveforms interfere. Waves with other wave 
shapes are also trains of disturbance that add together when waves 
from d ifferent sources move through the same med i um at the same 
time. 


SOLUTIONS TO END-OF-CHAPTER PROBLEMS 


Section 18.1 Analysis Model: Waves in Interference 
P18.1 Suppose the waves are sinusoidal. The sum is 

(4.00 cm)sin(fcx-fflf)+(4.00 cvr\)s\r\(kx - cot +90.0°) 

=2(4.00 cm)si n [he - cot +45.0°)cos45.0° 
So the amplitude of the resultant wave is 
(8.00 cm)cos45.0° = | 5.66 cm | 

P18.2 ANS. FIG. P18.2 shows the sketches at each ofthetimes. 

y (cm) y (cm) 



ANS. FIG. P18.2 

P18.3 The superposition of the waves is given by 

V = Vi + V 2 =3.00cos(4.0Qr-1.6Qf)+4.00sin(5.00bc-2.0Qf) 
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evaluated at the given x values. 

(a) Atx =1.00, t =1.00, the superposition of the two waves gives 

y =3.00cos[ 4.00(1.00)-1.60(1.00)] 

+4.00si n [ 5.00( 1.00)- 2.00(1.00)] 
=3.00cos(2.40 rad) +4.00sin( 3.00 rad) = |-1.65cm| 

(b) Atx =1.00, t =0.500, the superposition of the two waves gives 

y =3.00cos[4.00(1.00)-1.60(0.500)] 

+4.00sin[ 5.00(1.00)- 2.00(0.500)] 
=3.00cos(3.20 rad) +4.00sin(4.00 rad) = |-6.02cm| 

(c) Atx =0.500, t =0, the superposition of the two waves gives 

y =3.00cos[ 4.00(1.00)-1.60(0)] 

+4.00sin[ 5.00(1.00)- 2.00(0)] 
=3.00cos(2.00 rad) +4.00sin(2.50 rad) = |+1.15cm| 

P18.4 (a) Thegraph at timet =0.00 seconds isshown in ANS. FIG. P18.4(a) 



The pu I se i n i ti al I y on the I eft w i 11 move to the ri ght at 1.00 m/ s, 
and the one initially attherightwill movetoward theleftatthe 
same rate, as follows: 

ANS. FIG. P 18.4(b) shows the pulses at ti me t= 2.00 seconds 
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ANS. FIG. P18.4(c) shows the waves at ti me t = 4.00 seconds, 
immediately before they overlap. 



ANS. FIG. P 18.4(d) shows the pulses at timet =5.00 seconds, 
whilethetwo pulses are fully overlapped. Thetwo pulses are 
shown as dashed lines. 



ANS. FIG. P 18.4(e) shows the pulses at time At timet =6.00 
seconds, immediately after they completely pass. 
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(b) If the pul se to the right is inverted, A NS. FIG. P 18.4(f) shows the 
pulses at timet =0.00 seconds. 



The pulse initially on the left will move to the right at 1.00 m/ s, 
and the one initially attherightwill movetoward theleftatthe 
same rate, as follows: 

ANS. FIG. P18.4(g) showsthetwo pulses at timet =2.00 seconds 



ANS. FIG. P 18.4(h) showsthetwo pulses at timet =4.00 seconds, 
immediately before they overlap. 
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ANS. FIG. P18.4(i) showsthetwo pulses at timet =5.00 seconds, 
whilethetwo pulses are fully overlapped. Thetwo pulses are 
shown as dashed lines. 



ANS. FIG. P18.4(j) showsthetwo pulses at timet =6.00 seconds, 
immediately after they completely pass. 



*P18.5 Waves reflecting from the near end travel 28.0 m (14.0 m down and 
14.0 m back), while waves reflecting from the far end travel 66.0 m. 
The path difference for thetwo waves is: 

A r = 66.0 m- 28.0 m = 38.0 m 
Since A = y, 

Then 

Ar _ (A r)f J38.0 m)(246 Hz) =2y254 
A v 343 m/ s 

or Ar = 27.254A 

The phase difference between thetwo reflected waves is then 

</> =(0.254)(lcycle) =(0.254)(2^ rad) =1.594 rad = | 91.3° | 
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P18.6 


P18.7 


The wavelength of the sound emitted by the speaker is 


1 = ^ = 0.454 m 

/ 756 Hz 


Raising the sliding section by Ah changesthe path through that section 
by 2 Ah, becausesound must travel up and down through the addition 
distance. 


(a) If constructive interference currently exists, this can be changed to 
destructive interference by increasing the path distance through 
the sliding section by A/2, which means raising it by 

|A/4= 0.113 m| . 

(b) T o move from constructive i nterference to the next occurrence of 
constructive interference, one should increase the path distance 
through the sliding section by A, which means raising it by 

|A/ 2= 0.227 m| . 


d) 

(a) At constant phase, (f> =3x - 4t will be constant. Then x = y 

will change: thewave moves. As t increases in this equation, x 
increases, so the first wave moves to the right, in the 
|-he di recti on | . 

In the same way, in the second case x =— -y—Ast 
increases, x must decrease, so the second wave moves to the I eft, 
in the \-x direction] . 

(b) We require that y x +y 2 =0. 

(3x-4 1) 2 +2 + (3x+4i-6) 2 +2 “° 

This can be written as 

(3x - 4t) 2 =(3x + 4t - 6) 2 

Solving for the positive root, 8t =6, or 

| t = 0.750s] 

(c) The negative root yields 
(3x - 4t) =-(3x + 4t - 6) 

The time terms cancel, leaving | x= 1.00 m] .At this point, the 
waves always cancel. 
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P18.8 


P18.9 


P18.10 


(a) Ax =V9.00 m 2 +4.00 m 2 - 3.00 r 

The wavelength is A = — = 343 m ^ S = 1.14 r 
/ 300 Hz 

t. Ax 0.606 _, 

Thus, — =-= 0.530 of a waves, 

A 1.14 

or A </> =2?r( 0.530) = | 3.33 rad | . 

(b) For destructive interference, we want 

— = 0.500^ A = = 2Ax 

A 0.500 


s/13 m 2 - 3.00 m =0.606 m 


The frequency is / = 


343 m/s 


A 2Ax 2(0.606 m) 


= 283 Hz . 


The sum of two waves travel ingin the same d i recti on that have the 
same amplitude/^, angular frequency co, and wavenumber k but are 
different in phased have the resultant wave function in the form 


y =2A 0 cosj^j sin [kx-cot 

(a) A =2 A 0 cos ^ =2(5.00 m) cos |^—= |9.24m| 

„ x r co 1 200 k rad / s ■ — -, —, 

( b ) f = Yn =—^ 


Consider the geometry of the situation 
shown on the right. The path difference for 
the sound waves at the location of the man is 


A r 


=4d 2 


+ x z - X 


For a mi ni mum, this path difference must 
equal a half-integral number of wavelengths: 

■s Id 2 +x 2 - x =(n +^)a 

n =0, 1, 2,... 


Solve for x: 



( w + a) a ] 


ANS. FIG. P18.10 
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I n order for x to be positive, we must have 




Substitute numerical values: 

n ; (4.00m)(200 Hz) 1 

343 m/ s 2 

The only values of n that satisfy this requirement aren =0andn =1. 
Therefore, 

the man walks through only two minima; 
a third minimum is impossible 

*P18.11 At any time and place, the phase shift between the waves is found by 
subtracti ng the phases of the two waves, A0 = ^ - 0 2 . 

A</> = (20.0 rad/ cm)x - (32.0 rad/ s )t 


- [(25.0 rad/ cm)x - (40.0 rad/ s)t] 


Collecting terms, 

A (j) =-(5.00 rad / cm)x +(8.00 rad / s )t 

(a) Atx =5.00 cm and t =2.00 s, the phase difference is 

A0 = (-5.00 rad / cm)(5.00 cm) + (8.00 rad / s)(2.00 s) 

A</> =9.00 radians =516° = 156° 

(b) The sine functions repeat whenever their arguments change by an 
integer number of cycles, an integer multiple of 2 n radians. Then 
the phase shift equals ±it whenever A</> = k + 2r\n, for all integer 
val ues of n . Substituting this i nto the phase equation, we have 

;r + 2n;r=-(5.00rad/cm)x +(8.00 rad/s)t 
At t= 2.00 s, 

n+7nn =-(5.00 rad/ cm)x + (8.00 rad/ s)(2.00 s) 
or (5.00 rad/ cm)x = (16.0 - n - 2n^) rad 
The smallest positive value of x isfound whenn =2: 


_ (16.0 - 5 n) rad 
5.00 rad/cm 


= |0.0584cm| 


sf 'P18.12 2A 0 cos (I) =A 0 SO | =cos 1 


r l)=6o. 0 °=? 


3 
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Thus, the phase difference is 

Thi s phase d ifference resu I ts if the ti me del ay i s 

I-A-A 

3~ 3f ~ 3v 

Timedelay x =| 0.500s 

3(2.00 nrV s) 1 - 1 


P18.13 


(a) 


First we calculate the wavelength: A 


v _ 344 m/s 
7“ 21.5Hz 


= 16.0 m 


Then we note that the path difference equals 
9.00 m- 1.00 m = ^A 


Point A is one-half wavelength farther from one speaker 
than from the other. The waves from thetwo sources 
interfere destructively, so the receiver records a minimum 
in sound intensity. 

(b) Wechoosetheorigin atthemidpoint between thespeakers. If the 
receiver is located at point (x, y), then we must solve: 

yj[x +5.00) 2 +y 2 - yj[x - 5.00) 2 +y 2 =^A 

Then, 

yj[x +5.00) 2 +y 2 =yj[x- 5.00) 2 +y 2 +^A 
Square both sides and simplify to get 

T 2 ,- 

20.0x - =AV(x - 5.00) 2 +y 2 

Upon squaring again, this reduces to 

400x 2 - 10.0 A 2 x + 4a =^ 2 (* " 5 -°°) 2 +^ 2 y 2 
16.0 

Substituting, A = 16.0m, and reducing, 

9.00x 2 - 16.0y 2 = 144 
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N ote that the equati on 9.0Qx 2 - 16.(y 2 = 144 represents two 
hyperbolas: one passes through thex axis at x =+4.00 m; the 
second, which is the mirror image of the first, passes through 
x =-4.00 m to the left of they axis. 

(c) Solvefory in termsofx: 

9x 2 - 16y 2 = 144 

Then 




i6~ 

16 


y=± 4T“? 

For very largex, the square root term approaches 1: 


3 i 16 


y-* x 


To the ri ght of the ori gi n, for I argex the hy perbol a approaches the 
shape of a straight I i ne above and below thex axis. 

Yes; the limiting form of the path is two straight lines through 
the ori gin with slope ±0.75. 


Section 18.2 
P18.14 (a) 


Standing Waves 

From the resultant wave y =2 A sin |kx +^j cos^cot-^ 
the shape of the wave form is determined by the term 



The nodes are located at kx +- =nn, or where x = — ~—. 

2 k 2k 

The separation of adjacent nodes is 

A*J(„-KL)£-±l-r™-+U=* 

L k 2k] [k 2k] k 2 
The nodes are still separated by half a wavelength. 
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P18.15 


P18.16 


(b) 


Yes. The nodes are located at kx +t- =nn, sothatx =— -A 
2 k 2k 

which means that each node is shifted — to the left by the phase 
2 r 

difference between the traveling waves in comparison to the case 
in which 0 =0. 


y =(l.50 m) sin (0.400x) cos (200f) =2 A 0 sin kx cos cot 
Compare corresponding parts: 

(a) k = — = 0.400 rad/m 


2k 


0.400 rad/m 


r r a 200 rad/s I 0 ,, ■ 

(b) co = 2nf so / = —= —-31.8 Hz 

2k 2k rad 1 - 1 

(c) Thespeed ofwaves in the medium is 


, r A co 200 rad/s , — ■ 

J 2k J k 0.400 rad/m 1 - 

From y = 2A 0 sin kx cos cot, wefind 


— = 2 AJc cos kx cos ojf — = -2Am sin kx sin cot 
dx dt 

= -2AJc 2 sin fcx cos 

3 2 v 

—4 = -2A 0 co 2 sin kx cos ojf 
dt 

Substitution into the wave equation gives 

-2AJC 2 sin kx coscot =j^j(-2A 0 « 2 sin kx coscot) 


This is satisfied, provided that p = —. 

k 


But this is true, because 


v = Xf = 


A 

27T 


2tt/ = 


~k 
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P18.17 y x =3.00sin \n[x +0.600)]; y 2 =3.00 sin \n(x- 0.60ft)] 

y =y 1 +y 2 =[3.00sin ( nx ) cos (0.600 nt) +3.00sin (nx) cos (0.60Q7rf)] 
y =(6.00 cm) sin [nx] cos (0.600 Kt) 

We can take | cos (0.60Ck t )| =1 to get the maxi mum y. 

(a) Atx =0.250cm, |y max | =|(6.00cm) sin (0.250ft )| = |4.24cm| 

(b) Atx =0.500 cm, |y max | =|(6.00 cm) sin (0.500ft )| = |6.00 cm| 

(c) Atx =1.50cm, |y max | =|(6.00cm) sin (1.50 tt)| = |6.00 cm| 

(d) The anti nodes occur where 

sin {nx) =+L ^ nx =n^ 

or where x = wheren = 1, 3, 5, 7,... and x is in centimeters. 
n=l: Xi = ^ = [0500 cm| asin(b) 
n= 3: x 2 = | = [l50cm] asin(c) 
n= 5: x, = ^ = |2.50cm1 

P18.18 (a) ANS. FIG. P18.18 shows the graphs for t =0, t =5 ms, t =10 ms, 

t =15 ms, and t =20 ms. The units of thex and y axes are 
meters. 
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950 Superposition and Standing Waves 


*E5 





(b) 


(c) 


(d) 


In any one picture, the wavelength is the smallest distance 
along thex axis that contains a nonrepeating shape. The 
wavelength is A = 4 m. 

The frequency is the inverse of the period. The period is the 
ti me the wave takes to go from a ful I amp I itude starti ng 
shape to the i nversion of that shape and then back to the 
original shape. The period is the time interval between the 
top and bottom graphs: 20 ms. The frequency is 
V 0.020s =50 Hz. 

4 m. By comparison with the wave function 
y = (2 A sin kx) cos cot, 

we identify k = n! 2, and then compute A = 2k! k. 
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Chapter 18 951 


(e) 


50 Hz. By comparison with the wave function 
y = {2As\r\kx)coso)t, 
we identify co = 2 k f = HXk. 


P18.19 


The faci ng speakers produce a standi ng wave i n the space between 
them, with the spacing between nodes being 


d NN 


A 

2 


v _ 343 m/s 
2f _ 2(800s 1 ) 


=0.214 m 


If the speakers vi brate i n phase, the poi nt halfway between them is an 
anti node of pressure at a distance from either speaker of 


1.25 m 
2 


= 0.625 m 


Then there is a node one-quarter of a wavelength away at 
0.625- ( ^ = [Q518rr^ 


from either speaker, after which, there is a node every half¬ 
wavelength: 

a node at 

0.518 m - 0.214 m = | 0.303 m | 

a node at 

0.303 m - 0.214 m = 0.089 1 m | 

a node at 

0.518 m +0.214 m =| 0.732 m | 

a node at 

0.732 m +0.214 m = 0.947 m 

and a node at 

speaker. 

0.947 m +0.214 m = 1.16 m from either 


Section 18.3 Analysis Model: Waves Under 
Boundary Conditions 
*P18.20 We are given L = 120 cm, f = 120 H z. 

(a) For four segments, L = 21 or A = 60.0 cm = 10.600 m| . 

(b) B = a / = 72.0^s,/ 1 =f=^^=^0Hg 
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952 Superposition and Standing Waves 

P18.21 U si ng/. v for the vibrating portion of the string of total length/., 



P18.22 The frequency of vibration of a string is determined by the wave speed 
and the wavelength of the standing wave on the string. The length of 
the string and mode number n determines the size of the allowed 
wavelengths: 


A=2L/n 


r_ V _ V _ V 

* 2Lfn~ n 7L 


As long as the wave speed does not change, 



and so we may compare frequencies of vibrations for different modes 
and lengths of string: 


/l U 1 L 2 

When thestring is pressed down on thefret, thewavespeed on the 
string remains the same, but the length of the vi brating string is 
smaller. When thestring is plucked, it vibrates at the fundamental 
frequency (n =1) corresponding to the shorter length of thestring. We 
can compare frequencies and length of vibrating string thus: 

A _ n 2^i 

A n i^2 

For the original length of string, L 1 =L =0.640 m, ^ =1, and 
f 1 =330 Hz. 

(a) When thestring is stopped at thefret, 




3 



2 


f 2 =|/ a =[495H| 


ANS. FIG. P18.22(a) 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in wholeor in part. 















Chapter 18 953 


P18.23 


(b) 


The light touch at a point one-third of 
the way along the stri ng forces the 
poi nt of contact to be a node while 
still allowing the enti re stri ng to vi brate. 
The whole string vibrates in three loops; 
therefore, the stri ng vi brates i n its thi rd 
resonance possibi I ity (n =3): 


ANS. FIG. P18.22(b) 


fl _ ^2^1 

fl n i^2 


A _(3)Li 
A (1)4 


A =3/i = [990WI 


When the stri ng vi brates i n the lowest 
frequency mode, the length of string 
forms a standing wave where L =A/2, 
so the fundamental harmonic 
wavelength is 

A =2L =2(0.700 m) 

=1.40 m 
and the speed is 

v=Xf =(220 s 1 )(l.40 m) 
=308 m/s 

(a) From the tension equation 

v= Jji = ^7T 


N 

A 

N 

| n = 1 

JC 

L = 1A,| 

N A 

N A 

NAN 

H n = 3 

h ^ = 1 ^ 3 ! 


ANS. FIG. P18.23 


we get T =v 2 m/L, 

_(308 rrys) 2 ( 1.20x Iff 3 kg) , 

or T ~ 0.700 m —[163_NJ 


(b) Forthethird harmonic, the tension, linear density, and speed 
are the same, but the stri ng vi brates i n three segments. Thus, 
the wavelength isone third as long as in the fundamental. 


A 3 =V 3 


From the equation v =fX, wefind thefrequency is three times as 
high. 


A=i=3i=3A=mm 
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P18.24 


P18.25 


P18.26 


(a) Because the string istaut and isfixed at both ends, any standing 
waveswill have nodes (which are multi pies of A/ 2apart).The 
wavelengths of al I possible modes on the string are: 

2 T 

A =—, wheren =1, 2, 3,... 

n 

The fundamental (n =1) wavelength must then have a 
wavelength A exactly twice the string length, or 

4 =y =2(2.60 m) = |5.20 m| 


(b) | No. We do not know the speed of waves on the string^] To obtain 

the frequenci es on the stri ng, 




=JL /I 

2 L]jp 


it is necessary to have either the wave velocity v or the tension T 
and mass density p of the string. We do not know these; therefore, 
it is not possible to find the frequency of this mode on the string. 


Because the piano string isfixed at both end, it will have nodes at each 
end, and also a node between the two anti nodes. Thus, this standing 
wave pattern represents one full wavelength. 


(a) Thus, this is Isecond harmonicl . 

2 l 

(b) And, because A = —, wheren =1,2,3,... 

n 

The wavelength is A 2 =— = 2 ( 74 -Q cm ) = 74.0 C m . 

(c) Because nodes are at both ends and in the middle, the number of 
nodes is [3]. 

The wave speed is 

[T I 2O0N _ . 

v y p ]j 9.00x 1(T 3 kg/ m ' S 


For a vibrating string of length L fixed at both ends, there are nodes at 
both ends. The wavelength of the fundamental isA=2c/ ww =2 L = 

0.600 m, and the frequency is 


fi = 


v 

A 


v 

2 L 


47.1 rrVs 
0.600 m 


178.6 H z | 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in wholeor in part. 
















Chapter 18 955 


After NAN, the next three vibration possi bi I ities read N A N A N, 
NANANAN, and NANANANAN. Each hasjust one more node and 
one more anti node than the one before. Respectively, these string 
waves have wavelengths of one-half, one-third, and one-quarter of 
60.0 cm. The harmonic frequencies are 

fz = 2fi = fl57~Hz1 

f, = 3f, = |236H^l 


P18.27 


h = 4/ 1 = H 


(a) Letn bethenumber of nodes in the standing wave resulting from 
the 25.0-kg mass. Then n +1 is the number of nodes for the 
standing wave resulting from the 16.0-kg mass. For standing 

waves, A = — and the frequency is / = —. The frequency does 
n A 

not change as the masses are changed. 


Thus, 



and also 


_ n+1 & 

2L V V ' 


Equati ng the expressions for f, we have 


« +1 _ (IT _ 1(25-0 kg)g _5 

« K +1 V( 160k 9)? 4 

Therefore, 4n + 4 = 5n, or n =4. Using either expression for f, we 
find 


/=^ 


(25.0 kg){9.80 
2(2.00m)^ 0.002 00 kg/m 


350 Hz 


(b) For tension T n =mg, we write 


r n fc n ling Al}f 2 p 

We solve form forn =1: 

m= 4(2.00m)-(^Hzr(0.^0Q kg /m) 

(1) 2 (9.80 m/ s 2 ) 1 -^ 

*P18.28 (a) Forastanding waveof 6loops, 6(A/2)=L, or 


A =L/ 3 =(2.00 m)/ 3 
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956 Superposition and Standing Waves 

The speed of the waves i n the stri ng i s then 


v =Xf - 


fZOOrrA 


150 Hz 1 ) =1.00x 10 2 m/ s 


Si nee the tension in the string is 

F =mg =(5.00 kg)(9.80 m/ s 2 ) =49.0 N 


v= S 91 


gives 
F 


49.0 N 


u 2 (l-OOxlO 2 nVs) 
(b) If m =45.0 kg, then 


f =|4.90x 10 3 kg/ m 


F =mg =(45.0 kg)(9.80 m/ s 2 ) =4.41x 10 2 N 


and 


4.41x 10 2 N 


= 3.00x 10 2 m/ s 


\l 4.90x 1(T 3 kg/ m 
Thus, the wavelength will be 
, V 3.00xltfm/5 
X = T 150 Hz =Z0 ° m 

and the number of loops is 
L 2.00 m prn 
" = I 72 = L 00 m = ^ 

(c) I f m = 10.0 kg, the tensi on i s 

F =mg =(10.0 kg)(9.80 nrV s 2 ) =98.0 N 
and 


98.0 N 


\j 4.90x 10 3 kg/ m 


= 1.41 x 10 2 m/ s 


Then, 


, L 2.00 m . 

and n = -=-is not an integer, 

XI 2 0.471 m 

so I no standing wave will forml. 
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P18.29 


P18.30 


In the fundamental mode, the string abovetherod has only two nodes, 
at A and B, with an anti node halfway between A and B. Thus, 


- = AB = 

2 cosO 


or X = 


2 L 


Si nee the fundamental frequency isf, the wave speed in this segment 
of string is 


v = Xf = 


2Lf 


Because of the pul ley, the stri ng has tension T =M g. 
Also, 

v= il = n^ = nwr 

V P \ m/AB ymcosO 

Thus, 

2Lf pAgT or 4L 2 / 2 MgL 

cos e \m cos e cos 2 0 m cos e 
and the mass of stri ng above the rod is: 

_Mg cosd _(l-00 kg)(9.80 m/ s 2 ) cos 35.0° 
4(60.0 Hz) 2 (0.300 m) 


In the fundamental mode, the string abovetherod has only two nodes, 
at A and B, with an anti-node halfway between A and B. Thus, 


— = AB = 

2 cose 


or A = 


2 L 


Si nee the fundamental frequency isf, the wave speed in this segment 
of string is 


v = Xf - 


2L£_ 


Because of the pul ley, the stri ng has tension T =M g. 
Also, 

■ g _ F.pjT_) M s L 

\ p ym/AB ]]mcose 

Thus, 

2Lf fWT or 4L 2 / 2 MgL 

cos e ]jm cos e cos 2 e m cos 0 
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and the mass of stri ng above the rod is: 


Mg cos 6 
4f 2 L 


P18.31 When the open stri ng vi brates i n its fundamental mode it produces 
concert G. When concert A is played, the shorter length of string 
vibrates in its fundamental mode also. 



Thus, L a = L g - 0.038 2 m = 0.350 m - 0.038 2 m = 0.312 m, 
or the finger should be placed | 31.2 cm from the bridge] . 

(b) If theposition of the finger is correct within dL =0.600cmwhen 
the note is played, by how much can the tension be off so that the 
note i s the same? We want to f i nd the maxi mum al I owabl e 
percentage change i n tension, dT/T, that wi II compensate for a 
smal I percentage change i n position, dL/ L , so that the change i n 
the fundamental frequency, df, is zero. 

From the expression for the fundamental frequency, 

f=— =— -, werequirec/f =0. 

; 2 L 2 L]jp 

df _-dL Jr i nr _ Q ^ dL It _ 1 dr 

1 - 2]}\P + 2L2 Jfp ~ ^ 2L 2 \ p 4 L ^Tp 

dL Ir^IrdT dT =2 dL 

L\p 2 )j/j T T ~ Z L 



© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in wholeor in part. 




Chapter 18 959 


P18.32 Let m = pV represent the mass of the copper cyl i nder. The ori gi nal 

tensi on i n the wi re is = mg = pVg. The water exerts a buoyant force 

Pwate-j^jg on the cylinder, to reduce the tensi on to 


T 2 = PVg ~ Pwater 


m 

f _ Pwater ji 

I 2 JH 

p— y ~ 1 


The speed of a wave on the stri ng changes from 




frequency changes from 



/i = 


Ei 

A 




1 

A 


where we assume A =2L is constant. 
Then 


P18.33 


and 


h = E = IpEK^H ) 8-92-1.00/2 

/i V P v 8.92 


h =(300 Hz) 


[842 
V 8.92 


291Hz 


Comparing y =0.002 00sin (;rx) cos(lCXkc) with y = 2A sin kx coswf, 


we find 


2fl" _! 

= — = k m 
A 


A =2.00 m, and 


to = 2/r/= lOCks- 1 -> f = 50.0 Hz 

A 

(a) The distance between adjacent nodes is rf NN = — = 1.00 m, 

j ...... L 3.00 m pr-:-1 

and on the stri ng there are — =-= 3 loops . 

d NN 1.00 m I-I 

(b) For the speed we have v = co/k = HXk s^/n m 1 = 100 m/ s. 
In the simplest standing wave vibration, d NN =3.00m = ^, 

K = 6.00 m, and f h = %-= ^ m / s = | 16.7 Hz |. 

^ Jb A b 6.00 m 1 - 1 
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(c) In v n = —, if the tension increases to T = 9T 0 and the string 

yjg 

does not stretch, the speed i ncreases to 

y c =3^5 =3y 0 =3(100 m/s) =300 m/s 

Then K = j= 5QHz =6.00m, d HH =^=3.00m, 
and |one loop| fits onto the string. 


Section 18.4 Resonance 


P18.34 The wave speed is v =Jgd =^(9.80 m/s 2 )(36.1m) =18.8 m/s. 

The bay has one end open and one closed. Its simplest resonance is 
with a node of horizontal velocity, which is also an anti node of vertical 
displacement, at the head of the bay and an anti node of velocity, which 
is a node of displacement, at the mouth. 

Then, d NA = 210x 10 3 m= ^ 

and A= 840x 10 3 m. 


Therefore, the period is 


T = l=- 

f V 


840x 10 3 m 
18.8 m/s 


4.47x 10 4 s= | 12 h, 24min] 


The natural frequency of the water sloshing in the bay agrees precisely 
with that of lunar excitation, so we identify the extra-high tides as 
amplified by resonance. 

P18.35 (a) The wave speed is = = 1 3.66 m/s | . 

(b) There are anti nodes at both endsof the pond, so the distance 

A 

between adjacent anti nodes is d AA = — = 9.15 m and the 
wavelength is A =18.3 m 
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The frequency is then / = - = 3-66 S = [ 0.200 Hz I. 

A 18.3 m 1 - 1 

We have assumed the wave speed on water is the same for all 
wavelengths. 

P18.36 The distance between adjacent nodes is one-quarter of the 
circumference. 


, , A 20.0 cm ___ 

d NN = d AA =- = --— = 5.00 cm 

NN AA 2 4 


so A = 10.0 cm 

900 m/s 


and 


f A 0.100 m 


= 9000 Hz = [ 9.00 kHz | 


The singer must match this frequency quite precisely for some interval 
of ti me to feed enough energy i nto the glass to crack it. 


Section 18.5 Standing Waves in Air Columns 

*P18.37 Assuming an air temperature of T =37.0°C =310 K, the speed of sound 
insidethepipeis 

v =331 m/s+(0.600 nrV s- °C)(37.0°C) =353 m/ s 

In the fundamental resonant mode, thewavelength of sound waves in 
a pipe closed at one end is A = 4L. Thus, for the whooping crane, 

A =4(5.00 ft) =2.00x 10 1 ft 


and 


v _ (353 m/s) /3.281ft 
* A (2.00x 10 1 ft) 1 lm 


= | 57.9 Hz 


18.38 AtT = 37.0°C =310 K, the speed of sound in air is 


o =(331 m/ s)jl+^ =(331 nrV s)jl+|^° =353 nrV s 


Thus, thewavelength of 3 000-Hz sound is 
/ 3 000 Hz 
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P18.39 


P18.40 


P18.41 


For the fundamental resonant mode in a piped osed atoneend,the 
length required is 


L = — = °' 118 m = 0.029 4 m= 12.94cm| 


(a) For the fundamental mode in a closed 
pipe, A =41, as in the diagram. 


But v = fA, therefore L = —. 

4/ 


T 343 m/s | _ —| 
* L= 4[2«^] = ^^ 


(b) For an open pipe, A =21, as in the 
diagram. 

c- T v 343 m/ s I .. — | 

So, L =— =— 7 -7 t- = 0.715 m 

2f 2(240 S' 1 ) 1 - 1 


A N 



ANS. FIG. P18.39 


The 32.0-cm length corresponds to d AA = 0.320 m, which gives a 
wavelength of 

A =2d AA =2(0.320 m) =0.640 m 


(a) The frequency of the lowest note is 
343 m/s 


f A 0.640 m 


= 1536 H z| 


(b) For a 4000 Hz high note, 

d AA =- = — = 343 m/S = 0.042 9 m = |42.9mm| 
^ 2 2/ 8 000 Hz 1 - 1 

. . T . . .. . , v 343 m/ s . 

(a) The wavelength is A =-= = 1.31m, 

/ 261.6/ s 


•vl* 




hVT 




AN AN AN 




A N A N A N A 


ANS. FIG. P18.41 
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sothelength of the open pipe vibrating in its simplest (ANA) 
mode is 


= ^ (0.656 m 

(b) A closed pi pe has (N A) for its simplest resonance, (NANA) for 
the second, and (NANANA) for the third, equal to 5/ 4 
wavelengths. 

Here, the pipe length is 5rf NtoA =— =-(1.31 m) = | 1.64 m | 
P18.42 AtT c =0.00°C, the speed of sound is 


v =331 m / s ]l 1+ 273 =331 m / s 


(a) For a pipe closed at one end, 


A- 


m v 331 m/ s 


4 L 4(4.88 m) 

(b) For a pipe open at each end, 


= 117.0 Hz| 


A- 


m v 331 m/ s 


= 33.9 Hz 


2L 2(4.88 m) 

(c) AtT c =20.0°C, the speed of sound \sv =343m/s. 
closed at one end: 


A = 


343 m/s 


4 L 4(4.88 m) 
open at each end: 


A = 


. 343m/s 


= |17.6 Hz| 


= |35.1 Hz| 


2L 2(4.88 m) 

For resonance in a narrow tube open at one end, 

f=n^(n =1,3, 5,...) 

(a) The node-node distance is 

d NN =68.3 cm - 22.8 cm =45.5 cm 


Nr 


ANS. FIG. P18.43 
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This distance is equal to half the wavelength, so, 
v =A/ = 2d nn f 
= 2(0.455 m)(384Hz) 

= 349 nn/ s j 

(b) Resonancewill be established when the tube length has increased 
by another half wavelength: 68.3 cm +45.5 = 113.8 = |1.14m| 

P18.44 The tube acts as a pipe open at one end and closed at the other. 

Resonance frequencies are odd harmonics. The length corresponding 
to the fundamental satisfies 




343 m/s 


4/i 41512 s- 1 )' 


Since! > 20.0cm, thenext two modes will beobserved, 
corresponding to f 2 = and f 3 = 

or L 2 = -^-=3A = | 0.502 rfj and L 3 = |^ = 5/ 1 = | 0.837 m |. 

4/2 4/3 

P18.45 (a) For the fundamental mode of an open tube, 


L-± 


v _ 343 m/s 


2 2 f x 2(880 s' 1 ) 


= 0.195 m 


(b) i7 =331 m/sJl+- 


;-5.00) 

273 


=328 m/s 


We ignore the thermal expansion of the metal. 


iL=iL= SSJTVS 
n A, 2L 2(0.195 m) I-1 


Theflute is flat by a semitone. 

P18.46 For a closed box, the resonant frequencies will have nodes at both 

2L 


sides, so the permitted wavelengths will be A = —, (n =1, 2, 3,...), 
i.e., 


T nh nv , nv 
L =— = — and f = —. 
22 / J 2L 
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Therefore, with L = 0.860 m, L' =2.10 m, and v =355 m/ s, the resonant 
frequencies are 

f n = | n(206 Hz)] for L = 0.860 m for each n from 1 to 9 
and f' =| n(84.5 HzJ] for L' = 2.10 m for each n from 2 to 23. 



forn =1, 2,3,... 


| forn =1,2,3,... 

With v =343 m/ sand f 

= 680 Hz, 

T _J 343 m/s ^ 

\ 2(680 Hz) J 

=n (0.252 m) forn =1,2, 3, 

Possible lengths for resonance are: 

L =| 0.252 m, 0.504 m, 0.757 m. n (0.252) m | 


(a) The open ends of the tunnel are anti nodes, so d AA =2000m In, 
with n =1,2, 3,... 

Then 

A = 2d AA = 4 000 m/ n 
and 

/ = -= ^L m/S = 10.085 8n Hz, with w= 1, 2, 3,...| 

J A 4000m/n I-1 


(b) 


It is a good rule. Any car horn would produce several or many 
of the closely-spaced resonance frequencies of the air in the 
tunnel, so it would be greatly amplified. Other drivers might be 
frightened directly into dangerous behavior, or might blow their 
horns also. 


The wavelength of the sound from the tuning fork is A = —. The 

cyl i nder i s a pi pe open at the top and cl osed at the water su rface; its 
resonance patterns are A N, A N A N, A N A N A N, etc. Resonance occu rs 
each time the height of the air column changes by half a wavelength: 


A h = ^j- Thevolumeof the pipe between these two water levelsis 
nr 2 Ah, which is also equal to the amount of water that has entered the 
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pipeatrateR in a time interval At and has filled this volume. 
Therefore, 


RAt = nr 2 Ah = - 


2 / 


At = ■ 


2 Rf 


_nr v 

= w 


_;r(0.050 0m) 2 (343m/s)f 1L Y100 cm 


' 2(1.00 L/min)(512 Hz) UO 3 cm 3 A m 


=(2.63 min)f-^-]=|158sj 
ivlminj - 

The wavelength of the sound from the tuning fork \s X = j. The 

cyl i nder i s a pi pe open at the top and cl osed at the water su rface; its 
resonance patterns are A N, A N A N, A N A N A N, etc. Resonance occu rs 
each time the height of the air column changes by half a wavelength: 

Ah = ^j. The volume of the pipe between these two water levels is 

nr 2 Ah, which is also equal to the amount of water that has entered the 
pipeatrateR in a time interval At and has filled this volume. 
Therefore, 


RAt = nr 2 Ah = - 


2 / 


nr v 

w 


For both open and closed pipes, resonant frequencies are equally 
spaced as numbers. The set of resonant frequencies then must be 
650 H z, 550 H z, 450 H z, 350 H z, 250 H z, 150 H z, 50 H z. These are odd- 
integer multipliers of the fundamental frequency of | 50.0 Hz [ .Then 

. , , . , X v 343 m/s r-——, 

the pipe length is <i NA =-^ H 1-72 m | . 

For an air column of length 0.730 m, the column may be open ended or 
closed at one end. For a column open at both ends: 


f = n — 
Jn 2 L 


where n =1, 2, 3,.. 
343 nr/ s 


=n — =n —7 -r 

Jn 2L 2(0.730 m) 


:n(235 Hz) wheren =1,2,3,.. 
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P18.53 


And thus 235 Hz belongs to the harmonic series of an open column 
(with n =1), but 587 Hz does not match this harmonic series. 
Similarly, for a column open only at one end: 


fn = n ~^j-’ wheren =1,3,5,... (only odd harmonics) 

, v 343 m/s /117 , .. \ , . _ c 

=n— =n—T ———— r =;i( 117.5 Hz), wheren =1, 3, 5,... 
Jn 4 L 4 0.730 m 


and 587 Hz belongs to the harmonic series of a column open at only 
one end (forn =5), but 235 Hz does not match this harmonic series. 
Therefore, it is impossible because a single column could not product 
both frequencies.! 

(a) Thewell acts I ike a pipe open at one end and closed attheother. 
The normal modes of vibrations of such a pipe are odd harmonics 
of a fundamental. Call L the depth of the wel I and v the speed of 
sound. 


Then for some i nteger n, 

L =(2 n- 1)— =(2/i -1)-^- 

4 Uf. 


(2n-l)(343 m/s) 
4(51.87 s" 1 ) 


and for the next resonance 


t=[2(n+l)-l]^=(2n+l)^ = 


(2 n +1)(343 m/s) 
4(59.85 s 1 ) 


Thus, 

(2n-l)(343 m/s) _(2n+l)(343 m/s) 
4(51.87 s' 1 ) 4(59.85 s 1 ) 


and we require an integer solution to 2n +1 =—— 
59.85 51.87 

The equation givesn =7, which gives us 

_ [2(7) —1](343 nys) _ [2(7)+l](343 nys) 

4(51.87 s 1 ) 4( 59*85 s 1 ) l 2L5m l 


(b) Thefirst harmonic (fundamental frequency) of thewell isf x = 
v/4L= (343 nrV s)/ [4(21.5 m)] = 3.99 H z; its pattern is A N. The 3rd 
harmonic pattern isANAN, the5th isANANAN, etc. Wecansee 
that a pattern with n anti nodes isthe(2n - l)th harmonic. The 
frequency 51.87Hz =13(3.99Hz) isthe 13th harmonic: 13 = 2(7)- 
1, so the standing wave has 17 anti nod es] 
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Section 18.6 Standing Waves in Rods and Membranes 

P18.54 When the rod is clamped at one-quarter of its length, the vibration 
pattern readsANANA and the rod length is L = 2d AA =X. 


Therefore, 


_ v _ 5100 m/s 
~J~ 4400Hz 


1.16 m 


P18.55 


(a) The mode pattern is AN A, corresponding to the fundamental 
mode. The length of the rod is one wavelength: 


v _ 5100 
2 L (2) (1.60) 


=| 1.59 kHz 


(b) Since it is held in the center, there must be a node i n the center 
as well asantinodesattheends.Theeven harmonics have an 
anti node at the center so only | the odd harmonics | are present. 


(c) The wavelength is the same as in (a): 


y _ 3560 
2 L (2) (1.60) 


=| 1.11kHz 


Section 18.7 Beats: Interference in Time 


P18.56 


(a) Thestring could be tuned to either | 521H z or 525 H z | from this 
evidence. 

(b) Tightening thestring raises the wave speed and frequency. If the 
frequency were originally 521 Hz, the beats would slow down. 

I nstead, the frequency must have started at 525 Hz to become 
| 526 Hz |. 


(c) From / = 


-JHE- 


A= [A and r, = I ^ I T, 


A \A 


JL [A 

2 L^p' 


JA 
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Thefractional change that should be made in the tension isthen 

fractional change = Tl Tl = — - 1= T 2 = f^-1 -1 
T i Ti \JiJ 

= (H) - 1= - a0114= - L14% 

The tension should be | reduced by 114% | . 

P18.57 Combining thevelocity and the tension equations v = fX and 
v =sjT! p, we find that the frequency is 



Since/* and X are constant, we can apply that equation to both 
frequencies, and then dividethe two equations to get the proportion 



With ^ =110 Hz, T 1 =600 N, and T 2 = 540 N we have 

a= (110Hz #£ =1044Hz 

The beat frequency is 

f b = |A- f 2 1 = 110Hz-104.4Hz = | 5.64 beats/s] 

P18.58 We use /' = V +V ° \ f. The observer is stationary, so v 0 =0. 

{ v ~ v sJ 

For the approachi ng trai n v s = -f6.00 m/ s; the frequency arri vi ng at the 
observer is 



343 m/ s 


343 m/s-8.00 m/s 


343 m/ s \, 
335m/sJ ; 


For the receding train \sv s =-8.00 m/ s; the frequency arriving at the 
observer is 



343 m/ s 

343 m/ s- (-8.00 m/ s) 



343 m/ sV 
351m/sJ^ 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessiblewebsite, in wholeor in part. 










970 Superposition and Standing Waves 


P18.59 


The beat frequency between the waves emanati ng from thetrai ns is 

/beat=l/l-/ 2 l 

and, because the receding train produces a lower frequency, 


fl fl - /be 


Y 343 m/s 4 

f 343 nrV sY 

335 m/ s J 

L 351 rrV s ' 


343m/s4 ( 343 m/ s 

335 m/ s)* [ssim/s 

/ = 4.00 Hz -> 


/= 4.00 Hz 
f = | 85.7 H§ 


The source moves toward the wal I: 


^dent. ^ 0 = 0 , and /'=/t^4=/t 


Thewall acts as stationary source, reflecting the wave of frequency /'. 
The observe moves toward the source: v s =0, v 0 = and 

( V+V $udent) 


£ „_;\ V+V o) +V S , _ r 

f ~f ~ V f 

_ r "^student ) 


V- 


(a) When the student walks toward thewall f" is larger than f; the 
beat frequency is 

r [v +v*. 


Mr-/1-fe 


-/=/ 


V- 


4-i 


=f 


2v^ 


( v-v 
f b =(256 Hz) 


2(1.33 m/ s) 

(343 m/s-1.33 m/s] 


=| 1.99 Hz | 


(b) When he is moving aw ay from the wal I, the sign of v^ 6ent changes 
and f" is smaller than f: 


fb =f~f 


(v- 

(v+v^ 


4=4i-j^ 


=f 


2v< 
(v +u s 


student 
’student) 
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Solving for gives 


f b v _ (5Hz)(343m/s) 
2 f-f b (2)(256 Hz)- 5 Hz 


= 3.38 m/s| 


Section 18.8 Nonsinusoidal Wave Patterns 

!f 'Pl8.60 We list the frequencies of the harmonics of each notein Hz: 



Harmonic 

Note 

1 

2 

3 

4 

5 

A 

440.00 

880.00 

1320.0 

1760.0 

2 200.0 

C# 

554.37 

1108.7 

1663.1 

2 217.5 

2 771.9 

E 

659.26 

1318.5 

1977.8 

2 637.0 

3 296.3 


The second harmonic of E is close the the third harmonic of A, 
and the fourth harmonic of C#is close to the fifth harmonic of A. 

P18.61 We evaluate 

s =100sin 6 +157 sin 2d +62.9 sin 36 +105sin 40 
+ 51.9sin 56 +29.5sin 66 +25.3sin 76 

wheres represents particle displacement in nanometers and 6 
represents the phase of the wave i n rad i ans. As 6 advances by 2 n, ti me 
advances by (V 523) s. The resultant waveform is shown below in 
ANS. FIG. P18.61. 


200 
0 

-200 
-400 

ANS. FIG. P18.61 



Phase (rad) 
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Additional Problems 


*P18.62 


*P18.63 


P18.64 


(a) The fundamental wavelength of the pipe open at both ends is 
A = 2L = W f v Si nee the speed of sound i s 331 m/ s at 0°C, the 
length of the pipe is 
T _ v _ 331 m/ s 


(b) 


2 \f x 2(300 Hz) 
At T = 30.0°C =303 K, 


=10.552 ml 


v =(331 m/ s) =( 331 nrV s) =349 nrV s 


and 


A = 


349 m/s 


= | 316 H z| 


Aj 2L 2(0.552 m) 

The second standing wave mode of the air in the pipe reads AN AN, 
with 


, _ A _ 1.75 m 

NA "4 -_ 3“‘' 


and 


A = 2.33 m 

/ = — = 343 m/ s _ 147 Hz 
A 2.33 m 


For the string, A and v are different but f is the same. 

A _ _ 0.400 m 

— 4 nn - — 

so A = 0.400 m. 


v =A/ =(0.400 m)(147 Hz) =58.8 m/ s = 

T =pv 2 =(9.00x IQ" 3 kg/ m)(58.8 m/ s) 2 = | 31.1 N | 


-I 


The beat frequency between the waves emanati ng from the two stri ngs 
is 


fbeat H /l AI 

and, because the decrease in tension causes the second frequency to be 
lower, 


ft = fl fbeat =(l50Hz)-(4Hz HM6Hi 
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P18.65 


P18.66 


At poi nt D, the d i stance of the shi p from poi nt A i s 

d x =Jdl +(800 m) 2 =V(600 m) 2 +(800 m) 2 =1000 m 

Si nee d estructi ve i nterference occu rs for the f i rst ti me w hen the sh i p 
reaches D, it is necessary that d 1 -d 2 = A/2 or 


A =2(d 1 -d 2 ) =2(1000 m- 600 m) = | 800 m | 


According to Equation 18.6, the natural frequencies of vibration of a 
string fixed at both ends are given by 


[T_ n , 

[ 20.0 N 

u 2 (2.00 m) 

r 0.100 kg ^ 

1 

l 2.00 m J 


=n(5.00Hz) 


wheren =1, 2, 3,... 


(a) f, = |5.0Hz| ,f, = 110.0 Hz| , U = 115.0 Hz| 

(b) This could beany modethat has a node0.400 m from an end. If 
D = 0.400 m is the distance between adjacent nodes (the distance 
across a pair of nodes), d NN =D = A/ 2, and its wavelength is 
0.800 m: 

|=D -> A =2D =2(0.400 m) 

A=— -> w _2L _2L _L _ 2.00 m _ 5 
ft A 2D D 0.400 m 

This mode corresponds to the 5th harmonic: f 5 =5(5.00 Hz) = 
25.0 Hz. ButD could be the distance across two pairs of nodes 
(from node to node to node), d mN =D =2(A/ 2), or three pairs, 
d NNN , or across/V pairsof nodes: 

n| = D A = 2D/N 

then, 


w 


2L 2L r Ar 2.00 m 

:- -J - —2V- N - 

A (2 D/N) D 0.400 m 


= 5 N 


and so on, corresponding to the 10th, or the 15th harmonic, etc. 

The frequency could be the fifth state at 25.0 Hz or any integer 
multiple, such as the tenth state at 50.0 Hz, the fifteenth state at 
75.0Hz, and soon. 
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P18.67 Whenthestring isplucked, nodesoccur on the ends because they are 
fixed. The plucked guitar string vibrates in its fundamental modewith 
a wavelength equal to twice the length of the string. Forthe2349-Hz 
note, the length of the vibrating string is/. = 21.4 cm. For the 2 217-Hz 
note, thelength of the vibrating string is Z. +x, wherex isthedistance 
to the next fret. We wish tosolveforx. 

We assume the wave speed is the same on each string. Compare the 
frequenci es to the I engths of vi brati ng stri ng: 

/,= 2349 Hz = |- 


f 2 = 2217 Hz = 


2 (L +x) 


Taking the ratio, 

A = L+x 

h t 


= 1 +- 

L 


L (l" 


■L A-l =(21.4cm) 


2 349 Hz 
2 217 Hz 


-l] = | 1.27 cm | 


P18.68 (a) Thefrequency of the normal mode produces a sound wave of the 

same frequency. For the same frequency, wavelength is 
proportional to wave speed. On the string, the wave speed is 


y= jT = I (48.0 N) ~ 
V yu If 4.80x10 3 kg 
\{ 2.00 m 


=141 m/s 


(b) 


2.00 m 

which is smaller than the speed of sound (343 m/ s). 

The wavelength in air of the sound produced by the string is 
| larger) because the wave speed is larger. 

K\r _ Pair// _ ^air _ 343 m/ S _ p^j 

^string ^string// ^ing Ml m/S 


d AA = — = 7.05x 10r 3 m is the distance between 
anti nodes. Then A= 14.1x 10r 3 m, 

3.70x 10 3 m/ s 


and / = - = - 
J A 


14.lx 1CT 3 m 


= 2.62x10 s Hz 


ANS. FIG. P18.69 


The crystal can be tuned to vi brate at 2 18 H z, so that bi nary counters 
can derive from it a signal at precisely 1 Hz. 
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P18.70 


(a) 

The particle under constant 

acceleration model 





(b) 

Waves under boundary conditions 
model 

(c) 1 

For the block: 

J,F X =T-Mg sin 0 = 0 




ANS. FIG. P18.70 


T = \Mg sirTfl]. 


(d) The I ength of the secti on of stri ng paral I el to the i ncl i ne i s-. 

sin 0 

The total length of the string is then 


_ h , h h sin 6 

L =--1- h =■ -1--: 

sin 0 sin 0 sin 0 


1+sin 0 


sin 0 


(e) The mass per unit length of the string is 


-sin 
;in 0 J 


1 + 

sin 


h( 1+ sin 0) 


(f) The speed of waves in the string is 


II- 

Mg sin 0 

Vn 

m sin 0 

i 

/z(l+sin 0) 


i+sine) 

V m 


(g) The fundamental mode vibrates at the lowest frequency. In the 
fundamental mode, the segment of length h vibrates as one loop. 

A 

The distance between adjacent nodes is then d NN = — = h, so the 
wavelength is A = 2h. 


(h) / 


Thefrequency is / = v - 

= J^(l + ^ n9 ) = f , (L50k9)( 3 98 °, / fTV 

\4m/z 1 ]j 4( 0.750x 10 3 kg)(0.f 


3.500 m) 


(1+sin 30.0°) 


= 1121H z| 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessiblewebsite, in wholeor in part. 














































976 Superposition and Standing Waves 


*P18.71 


*P18.72 


(i) The fundamental modehasa wavelength twice the length of the 

h 

sloped section of string, A =2 -. Its frequency is 

sin 0 


f A " 


-— ^J—£—(l+s in e) =sin 1 +sin 0 ) 

ft U m V 4m/i' 7 


2 - 
sin 0 


f =sin 30.0°(121 Hz) = |60.6Hz| 

For the wire, /u = Q- ( - )1 Q 2 ^9 =5 qox 10 3 kg/ m: 
2.00 m 




200 kg • m/ s 2 
5.ddA lQ “ 3 kg/ m 


=200 m/ s 


If it vibrates in its simplest state, d NN = 2.00m = —: 

50.0HZ 

' 1 4.00 m 

(a) The tuning fork can have frequencies | 45.0 Hz or 55.0 Hz. | 

(b) If f =45.0 Hz, and v = /A =(45.0s 1 )(4.00 m) =180 m/ s, then 

T = v 2 p =(180 m/ s ) 2 (5.00x 10r 3 kg/ m) = | 162 N 
or iff =55.0 Hz, 

T = v 2 p =f 2 ?i 2 p =(55.0 s ' 1 ) 2 (4.00 m ) 2 (5.00x lCr 3 kg/ m) 
= | 242 N | 

We are told that the man's ears are at the same level as the lower 
speaker. Sound from the upper speaker is delayed by traveling the 
extra distance A r =^L 2 +d 2 -L. 


He hears a minimum when Ar =(2n-1)^—J, with n =1, 2, 3,... 
Then, 


^ +d - L= \ n -2iy 
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Equation [1] gives the distances from the lower speaker at which the 
man will hear a minimum. The path difference Ar starts from nearly 
zero when the man is very far away and increasestoc/whenl =0. 

(a) The number of minima he hears is the greatest integer value for 
which L > 0. This is the same as the greatest integer solution to 



or 


number of minima heard =n max 

=greatest integer <j 


(b) From equation [1], the distances at which minima occur are given 
by 


TS 

n _i] 2 M 2 

r\i 

•f 

» \ / \ / vv i iq t- n _l, .. ■ | 

.-u?) 


P18.73 (a) Thetensiononthestringdefinesthewavevelocityonthestring, 

and thus also the frequencies, wavelengths, and number of nodes 
of the standing waves. The tension on the string in Figure 18.11a 
is: 


T 1 = mg, where m is the mass of the sphere. 

The tension on the string in Figure 18.11b, must also includethe 
buoyant force on the sphere: 

T 2 = mg-B = mg- p wate gV sphere = mg- p waterc ?^r 3 J 
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N oticethat the number of anti nodes n is exactly the number of 
half wavelengths of standing waves on the string (i.e. there are 
two anti nodes (and onefull wavelength) on the string in Figure 
18.11a, and there are five anti nodes (and two and a half full 
wavelengths) in Figure 18.11b). From Equations 18.5 and 18.6 we 
have 


. _v _ v _n If 
fn ~\ ~ n 2L~2L]jp' 1 


=X 2, 3, 4,... 


Thefrequency of oscillation isthesamein both cases because it is 
defined by the moving bladeto the left. In addition, neither the 
total length of the string! nor the string density p changes 
between the two cases: 


/=£,£ and f-ZJl 7 


2L]lfj 

therefore, 

2 Lfjg =n iy fi\ =n 2 ^ 

Or equivalently, 

tJ* 


2L]I/U 


feh-fe) 

ave al ready obt, 

:he buoyant for 

r2= (^) Ti= fe) mg=mg - p ^{r r3 ) 


But we have al ready obtai ned the val ue for tensi on above i n 
terms of the buoyant force and thus the radi us of the sphere. 


The radius of the sphere r may now be solved in terms of the 
number of anti nodes n 2 (and the other parameters, n v m, g, and 
Pwata- which are all constants, or already defined in the problem). 


Pwaterc? 




solving for r gives 



3(2.00 kg) 
4 tt(10 3 kg/m 3 ) 



=0.078 2 



where r is in meters. 
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P18.74 


(b) Becausethefactor insidethecube root 



will be either zero or negative, which are each meaningless 
results,torn =land 2, the minimum allowed valueofn fora 
sphere of nonzero size is n- j§)l 

(c) Because the mass of the sphere is held constant, while its radius 
(and thus also volume and density) is changed, there will reach a 
poi nt where the density of the sphere reaches the density of 
water, and thus the sphere will float, so that it will no longer be 
fully immersed in the water. After this point, the sphere will float 
on the water, and will not produce further standing waves. 

The limiting condition is P sphee = Pwate = l-00x 10 3 kg/ m 3 . 


But p sphere = - = - 


■ which may be rearranged to solve for r. 


4 3 _ m _ m f 3 m 

^ Psphere Pwater V ^TPwatc 

and substituting in numerically: 

_( 3 m T J 3(2.00 fjj 

f { 47rp water J ( 4/r(l.0x 10 3 kg/ m 3 

=( 4.766 x 10 4 m 3 ) v3 = | 0.078 2 m| 


isthelimiting (maximum) radius for which thespherewill stay 
totally immersed. 

(d) |The sphere floats on the water.| 

(a) The wavelength is twice the length of string from the top end to 
the yo-yo: X =2L. The I ength L changes i n ti me because the yo-yo 

is a particle under constant acceleration: L=L 0 +^at 2 , where/. 0 is 

the I ength of the stri ng at t = 0 and a i s the accel erati on of the yo¬ 
yo. Therefore, 



= 2(0.800 m/ s 2 )(l.20 s) =1.92 m/ s 
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P18.75 


P18.76 


(b) Forthesecond harmonic, the wavelength isequal tothelength of 
the stri ng. Therefore, 


dX 

dt 


-L-L 0 H— at 


= (0.800 m/s 2 )( 1.20 s) 

= 10.960 m/ s, half as much as for the first harmonic|. 


(C) 

Yes. A yo-yo of different mass will hold the string under 
different tension to make each string wave vibrate with a 
different frequency, but the geometrical argument given 
in part (a) still applies to the wavelength. 





(d) 

Yes, for the same reason as in (c): the geometrical argument 
given in part(b) still applies to the wavelength. 


f= 87.0 Hz. The speed of sound in air is 
v g =343 m/ s. 

(a) The pattern on the bar (see upper figure at 
ri ght) i s A N A N A, correspond i ng to the second 
harmonic. The wavelength on the bar is \ = L, 

v=fX b =(87.0 s _1 )( 0.400 m) 

= | 34.8 m/s | 





ANS. FIG. P18.75 


(b) With X a = 4 L and v a = XJ, 


L 


v a _ 343m/s 
4 J _ 4( 87.0 s 1 ) 


=| 0.986 m | 


(a) p = 


5.50x IQ- 3 kg 
0.860 m 


=6.40x lQr 3 kg/m 


= 11 = /x 

17 ]jp V 6-4C 


130 kg-m/s 2 


6.40x Id 3 kg/m 


=| 14.3 m/ s 


(b) Thedistance between a node and its adjacent anti node is one- 
quarter of a wavelength. I n order for thereto be a node at the 
bottom and an anti node at the top, the string can contain only an 
odd number of node-antinode pairs. 

The simplest pattern is (top to bottom) AN =one node-anti node 
pair: 
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^ = L = 186 .0cm] 

Thenext simplest pattern is A NAN =AN +NA +AN =three 
nod e-anti node pairs: 

3 k = L ^ ^ = 4 = 128.7 cm| 

4 4 3 1 - 1 

The next simplest pattern is AN AN AN =AN +NA +AN +NA + 
AN =five node-antinode pairs: 

sk = L ^ k = k = |i7.2 cm| 

4 4 5 - 

A 

(c) The distance between nodeand an antinode is The 

4 

corresponding frequency is 


fn 



14.3 m/ s 


V| 4(0.860 m) 

4 J 


= | 4.14 Hz | 


u 14.3 m/ s 


4") 4(0.172 m) 

4 J 


= 20.7 Hz 


P18.77 We consider velocities of approach and of recession separately in the 
Doppler equation, after we observe from our beat equation f 6 = | f x - f 2 | 
= | f - f’\ that the moving train must have an apparent frequency of 
either V =182Hz or f =178Hz. 


Weletv t represent the magnitude of the train's velocity. If the train is 
moving away from the station, the apparent frequency is 178 Hz, 
lower, as described by 


r = 


V 

v +v t 


and the train is moving away at 

r, = o (f-i)=0Omrs)(^f-i)=aaBmrs 


If the train is pulling into the station, then the apparent frequency is 
182 H z. Agai n from the Doppler shift, 
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*P18.78 


f v -v s 

The train is approaching at 


u s = z;| 1-jy I = (343 rry s)| 1 


180 Hz 
" 182 Hz 


v s = 3.77 m/ s 

The movi ng trai n has a vel ocity of either |3.85 m/ s away from the| 
[station or 3.77 nn/ stoward thestation|. 

(a) Use the Doppler formula: 

(p±p o) 

f ~ f (v + v s ) 

with /'= frequency of the speaker in front of student and 
/ 2 ' = frequency of the speaker behi nd the student. 

56 H (B^Vs+LSOnVs) =45g H2 
(343 nn/ s- 0) 

(S^s-LSOrrVs) Hz 
1,2 (343 nn/ s+0) 


Therefore, f, = /'-/' = | 3.99 Hz | . 

(b) The waves broadcast by both speakers have 
, v 343 m/ s _ 

A= 7 = ^6s^ =a752m 

A 

The standi ng wave between them has d AA = — = 0.376 m. 

The student wal ks from one maxi mum to the next i n ti me 

At = m = 0.251 s, so thefrequency at which she hears 
1.50 nrV s 


/-f-aSi-tm 
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*P18.79 As in Problem 32, we let m = pV represent the mass of the copper 

cylinder. The original tension inthewireis T 1 = mg = pVg. Thewater 
exerts a buoyant force p^, ater [nV)g on the copper object, where n is the 
fraction of the object that is submerged, to reduce the tension to 

T 2 =pVg - p watff [nV )g =(p - np water )Vg 


The speed of a wave on the stri ng changes from 


n 


frequency changes from 



f'-i 




where we assume X =2L is constant. 
Then 



and 


r _ r IP — ^P water 

The frequency decreases as the fracti on of the object that i s su bmerged 
increases, with the lowest frequency occurring when the object is 
completely submerged, orn =1: 

f \ P~ n P 

fi ~H p 

=(300 Hz) 


P18.80 (a) Sincethefirstnodeisattheweld,thewavelength in thethin wire 

is 2L or 80.0 cm. The frequency and tensi on are the same i n both 
sections, so 


— - -I- 4-bUN _ r 599Hz I 

2 L]Ip 2(0.400 m)^|2.00xl(r 3 kg/ m 1 — : —^ 




=(300 Hz)^ 


8.92-(100) 100 


W2 ?83HZ -I 
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(b) A s the thi ck w i re i s tw i ce the d i ameter, the I i near density i s 4 
times that of the thin wire, or p' =8.00 g/ m. 


so 


L '=vti 


(2) (59.9 s 


4.60 N 


8.00 x 1(T kg/ m 


= 20.0 cm 


or half the length of the thin wire. 

P18.81 The wavelength stays constant at A 1 = 2L whilethe wavespeed rises 
according to 

V =(77 1 u) v 2 =[(15.0 + 10.a/ 3.50y p] v 2 


so the frequency rises as / = z7A= [(15.0+10. 0t/ 3.50) lpf 2 /2L. 

The number of cycles is N =dt/T =fdt in each incremental bitoftime, 
or altogether 


"2L^ J 0 

1 




^ j (52.5+10.0 ) y2 dt 


2LV^50a J { 

N= 2L^^m {525+10 ^t 

(52.5+10.0 ) 3/2 |J 5 


30LV3.50jU 


30.0(0.480 m)^3.50(l.60x 1CT 3 kg/ m) 

x[(52.5+35.0) 3/2 -(52.5) 3/2 ] 

N = | 407 cycles] 


P18.82 


We use the basic relationship /=—/—, 


= n_ [f 
~2L]J p' 


(a) Changing the length does not change the tension or the mass per 
unit length, so the wave speed is the same. 

f = L = Jl = 1 
f V 2L 2 
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P18.83 


P18.84 


The | frequency should be halved | to get the same number of 
anti nodes for tw i ce the I ength. 



The tension must be T = 


n 

n +1_ 


T 


(c) 


r = ! fL lr 

f nL' V T 



r -f 3 Y _> 

V 9 

T {2-2 J 

T ~ 16 


to get twice as many anti nodes. 


We look for a solution of the form 

5.00sin (2.00x - lO.Ot) +10.0cos (2.00x - lO.Ot) 

=A sin (2.00x - lO.Ot + 0) 

=A sin (2.00x - lO.Ot) cos 0 +A cos (2.00x - lO.Ot) sin 0 
This will betrueifboth 5.00 =A cos 0 and 10.0 =A si n 0, 
requiring 


(5.00) 2 +(10.0) 2 =A 2 A =11.2, and 
tan 0 =— =2.00 -> 0=63.4° 


(a) 


From above, we were able to find values for A and 0; therefore, 
the resultant wave is sinusoidal. 


(b) From above | A = 11.2] and |0 =63.4°| . 

The speed of sound atCelsiustemperatureT c is 

v=(331m/s)Jl+A^ 


At 20.0°C, the speed of sound is 343 m/ s. 

(a) For a pipe open at both ends, the fundamental frequency (n = 
v 343 m/ s 


1 ) is 


^ 2 L 


2f x 2(261.6 Hz) 


= 10-656 m| 
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(b) The speed of sound in the colder room is smaller because the 
temperature is lower. The fundamental frequency of the pipe 
played in that room, call it f' 1# issmaller because the frequency of 
a standing wave is proportional tothewavespeed.Thebeat 
frequency is 

/«=i/w'ii=/i-/'i 

which gives 

A = A - /beat = 261-6- 3.00= 258.6 H z 


P18.85 


because f x =261.6 H z is larger than f\. 


The I engths of the f I utes are the same, so compare frequenci es 
and wave speeds: 


^ 2 L 


fLk=* 

A -o 


Sol vi ng for the wave speed gives 


v' =v =(343 m/ s)f 


258.6 Hz^j 

261.6 Hz J 


=339 m/ s 


The wave speed depends on the temperature: 


u=(331m/s)j: 


1+ 273° = 339 m/ S 


Sol vi ng for the temperature gives 


T r =273 c 


(SSlI+E® 


(a) 


Let e represent the angl e each 
slanted rope makes with the 
vertical. In the diagram, 
observe that: 


sin 0 = 


1.00 m 
1.50 m 


2 

3 


or 0 =41.8° 

Considering the mass, 

!F y = 0: 2T cos 9 = mg 



ANS. FIG. P18.85 
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P18.86 


(l2.0kg)(9.80m/s 2 ) ._ 

or T = - - - - 1 = 78.9 N 


2 cos 41.8° 


(b) The speed of transverse waves in the string is 
- =281 m/ s 


-JH 


78.9 N 


0.00100 kg/m 


For the standing wave pattern shown (3 loops), d = -X, 
or 1= 2(2.00m) =L33 ^ 


Thus, the required frequency is f = — = 5 = 1211 Hz|. 

^ J A 1.33 m 1 - 1 

(a) Let e (refer to A NS. FIG. P18.85) represent the angle each slanted 
rope makes with the vertical. In the diagram, observe that: 


sin 8 


d/2 _ d 

[L-d)/2 L-d 


and 


co se= '/l-sin 2 ®=[l-^) 2 ] 2 


cos 0 - 


(l 2 -2 dL+d 2 )-d 2 

U^d? 

Vi 2 - 2dL 


L-d 

Consideri ng the mass, 

£F y = 0: 2Tcosd = mg^T = 


2 cos0 


rig (L-d) 


2 VL 2 - 2 dL 


(b) The speed of transverse waves i n the string is 


»£■ 


For the standing wave pattern shown (3 loops), d = -X, 
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or 


A = 


2d 

3 ' 


Thus, the required frequency is / 


v _ 3 I mg(L-d) 
A \ 2 juVL 2 - 2dL 


Challenge Problems 

P18.87 The idea is that the tension on 
the stri ng after the force i s 
applied is the vector sum of the 
wind force F and the weight 
Mg of the mass. 



T ate =F+Mg 

Noti ce that thisformsa right 
triangle: 




F » M 

ANS. FIG. P18.87 


The relationship between the driving frequency and the string tension 
is 



Before and after the application of the wind force, the frequency f, 
string mass density j u, and string length L are all held constant. Thus, 
the string tension T is a function of only one variable, n. 

f-k mus 

wheren 1 =2 and n 2 =1: 

r - =T2=ri feI =Ms feJ =Mg ® 2=4M " 
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P18.88 


From the geometry of the right triangle, 

T 2 2 =F 2 +(m S ) 2 

(4 Mg) 2 =F 2 +(Mgf -4 F 2 =16 (Mgf - (Mg) 2 =15(Mgf 
F = |Vl5Mg| 

Equation 18.13 is 

y(f) =X(Ai sin 2^/„f +B n cos2 nf n t) 

=X (si n n«f + B n cosncot ) 


(a) Multiplying by sin gives: 

y(f)sinm(yf =Xsinm(yf(A„sinn(yf + B„cosn(yf) 


I ntegrating over one period T gives: 

jly[t) si nmcotdt =XJ A n [s\nncot)[^r\mcot)dt 
o 

T 

+'L\B n (cosncQt)(smmcQt)dt [1] 

0 

I nspecti ng the I eft-hand si de of the equati on, we note that y(t) i s a 
positive constant A for half of the period T, and an equal but 
negative constant -A for the other half period: 

J o y (t) si n mcotdt = J q 1 A si n mrotdt + - A si n mcotdt 

If we look at the first of the two integrals on the right: 


pT/ 2 A T 

A si n mcotdt = -cos meat 

J o mm 


A r 

=-O 

mco _ 


o(0) 


which gives different answers depending on whether m is even or 
odd: 


If m isodd: 


A 

mco 


[(-D-d)] 


2A 

mco 


If m is even: =-—f(l) - (1)1 =@ 
mco L 

(because we are integrating over half periods). 
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(a) (b) 

ANS. FIG. P18.88 

The second of the two integrals on the right gives a similar result: 

T f A \ p 

[ - A si n mcotdt =--cos mcotl 

Jr/2 V mco J \ TI2 

- cosmco(T)-cosmco\^-\ 

»L U/ 


tnco I 


m odd 

=< ^ mco J 

1 (0) even 


Thus, 


sin mcotdt =^ 2 A s\n mcotdt +A s\n mcotdt 

[— raoddj f— m odd 
mco > mco 

[o m even] [o m even] 

Putti ng everythi ng together, we have shown that 

r 4 a 

r t . . . , — m odd 

I y [t j si n mcotdt mco 

[0 m even 

(b) We can analyze the terms involving B n on the right hand side of 
eqn. [1] above: 


X J B n ( cos ncot )( si n mcot )dt 
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U si ng the tri gonometri c i dentity 

cosasin/3 =^sin(a +/3)-^sin(a-/3) 
we have 

T 

'£,\B n (cosncQt)(s\r\mcQt)dt 

0 

1 T 

=XJ[sin(no)f +mcot)- S\r\[nwt-mo)t)~\ dt 

2 o 

1 T 

=X-B n j[sin(n+m)cot-Siri(n-m)(Dt]dt 
2 o 

The sine function, whether th e terms are (n + m) or (n - m), it 
will always integrate to zero over any full multipleof a period: 

1 |T 1 

=x - B„ [ si n(tt +raW - Si n(n - ra W]I =£-(0) = 0 

Thus, all the terms in volvingB n on the right hand sideof eqn. [1] 
are equal to zero: 

T 

XjB„(cosft(yf)(sinm«f)df =0 

0 

(c) For all thetermson therighthand sideof eqn.(l) with-4 n : 

T 

XjA„ (sinraof )(si nmcot)dt 

o 

Using the trigonometric identity 

sina sin/3 =^cos(a-/3)-^cos(a +/3) 
we have 

T 

XjAjsinnwf )(sinm(yf)rff 

o 

1 T 

=X—J [ cos (ncot - mcot) - cos{mot +mcot )]dt 
2 o 

1 T 

=x-Aj[ cos(n -m)(ot- cos (n +m)«f ] rff 
2 o 

which can be integrated and evaluated at 0 and T : 

7 - —Sin {n- m) cot - r si n (w +m)(yi I 

2 Ltn-m/M (n+rajft) JO 
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The second term, when evaluated at 0 and T, always gives zero. 
The same is true for the first term for all values of n except where 
n =m.Thus, all the terms on the right hand side of eqn. (1) with 
A n are zero except when m =n. 

(d) Forn =m, wewill do the integration separately: 

T T 

X J A n (si n ncot )(si n meat )d t +X J B n (cos neat )(si r\mcot)dt 
0 0 

T 

= XJ A n [s\r\ncot)(s\r\mcot)dt +0 

0 

= \ A,t=,n 1 ^ cos ^ w _ m )° Jt ]dt [ A m Jp cos( 0)dt ] 

=|a,J„ t (D* =A^It-o]=±aj 

Thus, the enti re right side reduces to ^A m T. 

(e) Starting with our original Equation 18.13: 

y(t) =X(Ai S\r\ncot +B n cosna>t ) 

notice that y(t) is an odd function of t\y(t) =-y(t), and the sine 
function isalsoodd, but the cosine function iseven. From these 
observations, we can concl ude that there are no cosine terms i n 
the Fourier series expansion of y(t); therefore, all theB„ =0. Thus, 

y[t) =Y,A n snneot 

But we have shown i n part (a) above that: 

J o y[t)s\nmcotdt =^~ 
wherem must be odd, and in part (d) that: 

Jp y [t )si n mcotdt =X J sin mcot(A n si n ncot +B n cosncot)dt 



wheren =m. 

Thus, for each A n term: — AT = —. And because co = ^, 
2 nco T 

— --AT^A ~ 8A ~ 4A f —V 44 
nco 2 " " ncoT nnycoT J rnt 
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993 


which we substitute in to give: 


y{t) =X—sin mot 

n nn 

where the summation isonly over odd values of n. 
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lNSWERS TO EVEN-NUMBERED PROBLEMS 


P18.2 See A NS. FIG. P 18.2. 

P18.4 (a) SeeANS. FIG. P18.4(a-e); (b) SeeANS. FIG. P18.4(f-j) 

P18.6 (a) X! 4 =0.113 m; (b) AJ 2 =0.227 m 

P18.8 (a) 3.33rad; (b) 283 Hz 

P18.10 The man walks only through two minima; a third minimum is 
impossible. 

P18.12 0.500 s 


P18.14 (a) The separation of adjacent nodes is Ax = — = — . The nodes are sti 11 

k 2 

separated by half a wavelength; (b) Yes. The nodes are located at 

kx +— =nn, so that x = , which means that each nodeis 

2 k 2k 

shifted to the I eft by the phase difference between the traveling 
waves in comparison to the case i n which </> = 0. 

P18.16 See P18.16for full verification. 


P18.18 (a) SeeANS. FIG. P18.18; (b) In any one picture, the wavelength isthe 

smallest distance along thex axis that contains a nonrepeating shape. 
The wavelength isA=4m; (c) The frequency is the inverse of the 
peri od. The peri od i s the ti me the wave takes to go from a fu 11 
amplitude starting shape to the inversion of that shape and then back 
to the original shape. The period is the time interval between the top 
and bottom graphs: 20 ms. The frequency is 1/ 0.020 s =50 Hz; (d) 4 m. 
By comparison with the wave function y =(2Asinfce)cosa>f, we 
identify /c = tt/ 2, and then compute A = 2n/ k\ (e) 50 Hz. By 
comparison with the wave function y =[2As\nkx)coso)t , we identify 
O) = 2 Jlf = 1007T . 


P18.20 

P18.22 

P18.24 

P18.26 

P18.28 

P18.30 


(a) 0.600 m; (b) 30.0 Hz 
(a) 495 Hz; (b) 990 Hz 

(a) 5.20 m; (b) N o. We do not know the speed of waves on the stri ng. 

(a) 78.6 H z; (b) 157 H z, 236 H z, 314 H z 

(a) 4.90 x 10r 3 kg/ m; (b) 2; (c) no standing wave will form 

Me cos 6 

m = —- 

4/ 2 L 
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P18.32 

P18.34 

P18.36 

P18.38 

P18.40 

P18.42 

P18.44 

P18.46 

P18.48 


P18.50 

P18.52 

P18.54 

P18.56 

P18.58 

P18.60 

P18.62 

P18.64 

P18.66 

P18.68 

P18.70 


291Hz 

12 h, 24 min. The natural frequency of the water sloshing in the bay 
agrees precisely with that of lunar excitation, so we identify the extra- 
high tides as amplified by resonance. 

9.00 Hz 
2.94 cm 

(a) 536 Hz; (b) 42.9 mm 

(a) 17.0 H z; (b) 33.9 H z; (c) 17.6 H z, 35.1 H z 

0.502 m and 0.837 m 

n (206Hz) and n (84.5 Hz) 

(a) 0.085 8n Hz, with n =1, 2, 3...; (b) It is a good rule. A car horn 
would produce several or many of the closely-spaced resonance 
frequencies of the air in the tunnel, so it would be great amplified. 

nr 2 v 

w 

It is impossible because a single column could not produce both 
frequencies. 

1.16 m 

(a) 521 Hz or 525 Hz; (b) 526Hz; (c) reduced by 1.14% 

85.7 Hz 

See P18.60 for a table of thefrequencies of the harmonics of each note. 
The second harmonicof E is close to the third harmonicof A, and the 
fourth harmonicof C#is close to thefifth harmonicof A. 

(a) 0.522 m; (b) 316 Hz 
146 Hz 

(a) 5.0 Hz, 10.0 Hz, 15.0 Hz; (b) The frequency could be the fifth state at 
25.0 Hz or any integer multiple, such as the tenth state at 50.0 Hz, the 
fifteenth state at 75.0 Hz, and so on. 

(a) larger; (b) 2.43 

(a) the particle under constant acceleration model; (b) waves under 
boundary conditions model; (c) Mg sin 0; (d) h\ 


1 +sin d \ 
sin0 )' 


(l+sin 0 ); (g) 


pfe-(l+sin@);(h) 121 Hz; 
V Amh ' 
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P18.72 


P18.74 


P18.76 

P18.78 

P18.80 

P18.82 

P18.84 

P18.86 


(a) greatest integer <d 


L 


v 


d 2 - 

1 ’ 

n 2; 

rtf)' 

= ^( 

n- 1 ) 

(°) 

1 

i 21 

{f) 



, wheren =1, 2 ,n max 


(a) Q=1L(2l)= 4-\2(L 0 +lat 2 )} =2 at =2(0.800 m/ s 2 )(l.20 s) =1.92 
at at dt\_ y 2 J] 

m/ s; (b) 0.960 m/ s, half as much as for the first harmonic; (c) Yes. A 
yo-yo of different mass wi II hold the stri ng under different tension to 
make each string wave vibrate with a different frequency, but the 
geometrical argument given in part (a) still applies to the wavelength; 
(d) Yes, for the same reason as (c); the geometrical argument given in 
part(b) still applies to the wavelength. 

(a) 14.3 m/ s; (b) 86.0 cm, 28.7 cm, 17.2 cm; (c) 4.14 H z, 12.4 H z, 20.7 H z 
(a) 3.99Hz; (b) 3.99Hz 
(a) 59.9Hz; (b) 20.0cm 

(a) frequency should be halved; (b) 1 T; (c) — = — 


(a) 0.656 m; (b) 13.5° C 


(a) 


mg{L-d ) 
2 VL 2 - 2dL 


;(b) 


mg(L-d) 

2 d 2pjL 2 - 2dL 


P18.88 (a) see P18.88(a) for full explanation; (b) see P 18.88(b) for full 

explanation; (c) See P 18.88(c) for full explanation; (d) see P18.88(d) for 
full explanation; (e) see P 18.88(e) for full explanation. 
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Temperature 


CHAPTER OUTLINE 


19.1 Temperature and the Zeroth Law of Thermodynamics 

19.2 Thermometers and theCelsiusTemperatureScale 

19.3 The Constant-Vol ume Gas Thermometer 
and the Absolute Temperature Scale 

19.4 Thermal Expansion of Sol ids and Liquids 

19.5 M acroscopic Description of an Ideal Gas 


*An asterisk indicates a question or problem new tothisedition.| 


lNSWERS to objective questions 


OQ19.1 

OQ19.2 


OQ19.3 


OQ19.4 


Answer (b). The markings are now farther apart than intended, so 
measurements made with the heated steel tape will be too short— but 
only by a factor of 5 x 10' 5 of the measured length. 

Answer (d). Remember that one must use absolute temperatures and 
pressures in the ideal gas law. Thus, the original temperature is 
T k =T c +273.15 =25 +273.15 =298 K, and with the mass of the gas 
constant, the ideal gas law gives 




1.07 x 10 6 Pa ^| 
5.00 x 10 6 Pa J 


(3.00) (298 K) =191K 


Answer (d). From the ideal gas law, with the mass of the gas 
constant, PJ/-JT-, =P 1 V 2 / T r Thus, 



Answer (a). As the temperature increases, the brass expands. This 
wouI d effecti vely i ncrease the d istance d from the pi vot poi nt to the 


997 
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OQ19.5 

OQ19.6 

OQ19.7 

OQ19.8 

OQ19.9 

OQ19.10 


OQ19.11 


center of mass of the pendulum, and also increase the moment of 
inertia of the pendulum. Si nee the moment of inertia is proportional 

toe/ 2 , and the period of a physical pendulum is T = 2n —— ,the 

V mgd 

period would increase, and the clock would run slow. 

Answer (c). T c =|(t f - 32) =|(162- 32) =72.2°C, then, 


T k =T c +273.15 = 72.2 + 273.15 = 345 K 

Answer (c). From the ideal gas law, with the mass of the gas 
constant, P 2 VJT 2 =P 1 VJT 1 . Thus, 

V 2 =(f )(|) v i =(4)(1)(0.50 m 3 ) =2.0 m 3 

Answer (d). If glass were to expand more than the liquid, the liquid 
level would fall relative to the tube wall as the thermometer is 
warmed. If the liquid and the tube material were to expand by equal 
amounts, the thermometer could not be used because the liquid level 
would not change with temperature. 

The ranking is(a) =(b) =(d) >(e) >(c). We think about nRT/V in 
each case. Si nee R is constant, we need only think about nT/ I/, and 
units of mmol-K/ cm 3 areas convenient as any: (a) 2-3/1 =6, (b) 6, (c) 
4, (d) 6, (e) 5. 

Answer (d). Cylinder A must beat lower pressure. If the gas is thin, 
PV =nRT applies to both with the same value of nRT for both. Then 
A will beat one-third the absolute pressure of B. 

(i) Answer (a). Call the process isobaric cooling or isobaric 
contraction. The rubber walI is easy to stretch. The ai r i nside is 
nearly at atmospheric pressure originally and stays at 
atmospheri c pressure as the wal I moves i n, just mai ntai ni ng 
equality of pressure outside and inside. The air is nearly an 
ideal gas to start with, and stays fairly ideal—fairly far from 
liquefaction—even at 100 K. The water vapor liquefies and then 
freezes, and thecarbon dioxideturnstodry ice, but these are 
mi nor constituents of the ai r. Thus, as the absol ute temperature 
drops to 1/ 3 of its original valueand the volume will drop to 
1/ 3 of what it was. 

(ii) Answer (c). As noted above, the pressure stays nearly constant 
at 1 atm. 


Answer (c). For a quick approximation, multiply 93 m and 17 and 
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V (1000 000 °C) and say 5°C for the temperature i ncrease. To 
simplify, multiply 100 and 100and 1/ 1000 000for an answer in 
meters: it is on the order of 1 cm. 

OQ19.12 Answer (b). Around atmospheric pressure, 0°C istheonly 

temperature at which liquid water and solid water can both exist. 

OQ19.13 Answer (b). When a solid, containing a cavity, is heated, the cavity 
expands i n the same way as it would if fi I led with the material 
making up the rest of the object. 

OQ19.14 Answer (e). 

T f =| T c +32 =|(—25°) +32° =-13° F 


lNSWERS to conceptual questions 


CQ19.1 The coefficient of linear expansion must be greater for mercury than 
for glass, otherwise the interior of a glassthermomter would expand 
more and the mercury level would drop. SeeOQ19.7. 

CQ19.2 (a) The copper's temperature drops and the water temperature rises 

until both temperatures are the same, (b) The water and copper are 
in thermal equilibrium when their temperatures are the same. 

CQ19.3 (a) PV =nRT predicts V going to zero as T goes to zero. 

(b) The ideal-gas model does not apply when the material gets 
close to liquefaction and then turns into a liquid or solid. The 
molecules start to interact all the time, notjust in brief collisions. 
The molecules start to take up a significant portion of the 
vol ume of the contai ner. 

CQ19.4 Air pressure decreases with altitude whilethe pressure insidethe 
bags stays the same; thus, that inside pressure is greater than the 
outside pressure. 

CQ19.5 (a) No. The thermometer will only measure the temperature of 

whatever is in contact with the thermometer. The thermometer 
would need to be brought to the surface in order to measure its 
temperature, si nee there is no atmosphere on theMoon to maintain a 
relatively consistent ambient temperature above the surface, (b) It 
would read the temperature of the glove, sinceit is in contact with 
the glove. 

CQ19.6 The coefficient of expansion of metal is larger than that of glass. 

When hot water is run over the jar, both the glass and the I id expand, 
but at different rates. Si nee all dimensions expand, the inner 
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CQ19.7 


CQ19.8 


CQ19.9 


CQ19.10 


d i ameter of the I i d expands more than the top of the jar, and the I i d 
will be easi er to remove. 

(a) As the water rises in temperature, it expands or rises in pressure 
or both. The excess volumewould spill out of the cool i ng 
system, or else the pressure would rise very high indeed. 

(b) M odern cool i ng systems have an overflow reservoi r to accept 
the excess volume when the cool ant heatsup and expands. 

(a) The sphere expands when heated, so that it no longer fits 

through the ri ng. With the sphere sti 11 hot, you can separate the 
sphere and ring by heating the ring. This more surprising result 
occurs because the thermal expansion of the ring is not like the 
inflation of a blood-pressure cuff. Rather, it is like a 
photographic enlargement; every linear dimension, including 
the hoi e d i ameter, i ncreases by the same factor. The reason for 
this is that the atoms everywhere, including those around the 
inner circumference, push away from each other. The only way 
that the atoms can accommod ate the greater d i stances i s for the 
circumference—and corresponding diameter—to grow. This 
property was once used to fit metal ri ms to wooden wagon 
wheels. If the ring is heated and the sphere left at room 
temperature, the sphere would passthrough the ring with more 
space to spare. 



(b) Heating the ring increases itsdiameter, thespherecan pass 
through it easi ly. The hoie i n the ri ng expands as if it were fi I led 
with the material of the ring. 

Two objects in thermal equilibrium need not be in contact. Consider 
the two objects that are in thermal equilibrium in Figure 16.1(c). The 
act of separati ng them by a smal I d i stance does not affect how the 
molecules are moving insideeither object, so they will still bein 
thermal equilibrium. 

(a) One mole of H 2 has a mass of 2.016 0 g. 

(b) One mole of H e has a mass of 4.002 6 g. 

(c) One mole of CO has a mass of 28.010 g. 
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SOLUTIONS TO END-OF-CHAPTER PROBLEMS 


Section 19.2 Thermometers and the Celsius Temperature Scale 


Section 19.3 The Constant-Volume Gas Thermometer 
and the Absolute Temperature Scale 
P19.1 (a) By Equation 19.2, 

T f =| T c +32 =|(41.5°C) +32 =(74.7 +32)°F = |107°F| 


(b) 


Yes. The normal body temperature is 98.6°F, so the patient has 
a high fever and needs immediate attention. 


P19.2 


(a) Consider the freezing and boiling points of water in each scale: 
0°C and 100°C; 32°F and 212°F. We see that there are lOOCelsius 
units for every 180 Fahrenheit units: 


A T c _100°C 
A T f 180°F 


AT C =|(A T r ) =|(57.0)°C = [317 5 C 


(b) TheKelvin unit is the same size as the Cel si us unit: 
T =T C +273.15 -> AT =A T c 


at=a <t4) =3L7K (t+) = ™ 

P19.3 (a) By Equation 19.2, 

T f =| T c +32 =|(-78.5) +32 = |-109°F| 

And, from Equation 19.1, 

T =T C +273.15 =(-78.5 +273.15) K =| 195 K | 

(b) Again, 

T F =|T C +32 =|(37.0) +32 = |98.6°F| 

T =T C +273.15 =(37.0+273.15) K = | 310 K | 

P19.4 (a) The relationship between the Kelvin and Celsius scales is given 

by Equation 19.1: 

T =T C +273.15 
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P19.5 


*P19.6 


P19.7 


Thus 20.3 K converts to 

T c = T - 273.15= 20.3 K - 273.15 K = |-253°C| 

(b) The relationship between the Cel si us and Fahrenheit scales is, 
from Equation 19.2, 

T f =—T c +32°F 

P 5 c 

Thus-253°C converts to 

T f =|r c +32°F =|(-253°C)+32°F = -423°Fj! ; 

(a) By Equation 19.2, 

T f =| T c +32.0°F =|(-195.81°C) +32.0= ^320+1 

(b) Applying Equation 19.1, 

T =T C +273.15 =-195.81°C +273.15 = 77.3 K 

(a) To convert from Fahrenheit to Celsius, we use 

T c =|(r F -32.0) 

The temperature at FurnaceCreek Ranch in Death Valley is 
T c =|(T P - 32.0) =|(134°F - 32.0) = | 56.7°C | 
and the temperature at Prospect Creek Camp in Alaska is 
T c =|(T f - 32.0) =|(-79.8°F - 32.0) = | -62.1°C | 

(b) We find the Kelvin temperature from Equation 19.1, 

T =T C +273.15. The record temperature on the Kelvin seal eat 
FurnaceCreek Ranch in Death Valley is 

T =T C +273.15 =56.7°C +273.15 = | 330 K | 
and the temperature at Prospect Creek Camp in Alaska is 
T =T C +273.15 =-62.11°C +273.15 = [21Tk1 

Si nee we have a linear graph, we know that the pressure is related to 
the temperature as P =A +BT C , where-4 and 6 are constants. To find 
A and B, we use the given data: 

0.900 atm =A +B (-78.5°C) [1] 
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and 

1.635 atm =A +B (78.0°C) [2] 

Solving Equations[1] and [2] simultaneously, wefind: 

A = 1.27 atm and B = 4.70x 1CT 3 atm/°C 

Therefore, 

P =1.27 atm +(4.70x 1CT 3 atm/°c)r c 

(a) At absolute zero the gas exerts zero pressure (P =0), so 

= - -1.27 atm - = p^c 

c 4.70x 1CT 3 atm/°C 1 - 

(b) At the freezi ng poi nt of water, T c = 0 and 

P =1.27 atm +0 = | 1.27 atm] 

At the boiling point of water, T c =100°C, so 

P =1.27 atm +(4.70x 10 3 atm/°c)(l00°C) =| 1.74 atm | 


Section 19.4 Thermal Expansion of Solids and Liquids 

P19.8 Each section can expand intothejoint space to the north of it. We need 
think of only one section expanding. Using Equation 19.4, 

AL =L { aAT =(25.0 m)[l2.0x HT 6 (°C)- 1 ](40.0°C) 

= | 1.20 cm~| 

: (a) By Equation 19.4, 

AL =aL ; AT =[9.00x 10“ 6 (°C) 1 ](30.0 cm)(65.0°C) 

= | 0.176 mm | 

(b) The diameter is a linear dimension, so Equation 19.4 still applies: 

AL = aL ; AT = [9.00x 10r 6 (°C)- 1 ](1.50 cm)(65.0 p C) 

= 8.78x lOr 4 cm = | 8.78 ^m | 

(c) Using the volumetric coefficient of expansion^, and V^ndPlI 4, 

AV = pV i AT~3ccVAT 
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AV =pV t AT - 3aV { AT 
=3[9.00xl0r 6 (°C)“ 1 ]| 


30.0U)(l.50) 2 


4 


cm 3 (65.0°C) 


=| 0.0930 cm 3 " 


P19.10 The horizontal section expands according to AL = aL t AT. 


Ax =[l7x 1(T 6 (°C)- 1 ](28.0 cm)(46.5°C- 18.0°C) 
=1.36x 1(r 2 cm 



ANS. FIG. P19.10 


The vertical section expands similarly by 

Ay =[l7x 1CT 6 (°C ) _1 ](134 cm)(28.5°C) =6.49x 1CT 2 cm 
The vector di spl acement of the pi pe el bow has magnitude 

A r =^Ax 2 +Ay 2 =^(0.136 mm) 2 +(0.649 mm) 2 =0.663 mm 
and is directed to the right below the horizontal at angle 



| A r =0.663 mm to the right at 78.2° below the horizontal | 

Pl9.il The wire is 35.0m long when T c =-20.0°C. 

AL -T,) 

Since a =a[ 20.0°C) =1.70x 1CT 5 (°C) _1 for Cu, 

AL = (35.0 m)[l.70x 10r 5 (°C)- 1 ][35.0 p C-(-20.0 p C)] 

= f+3.27cm | 

^P19.12 For the dimensions to increase, AL = aL i AT: 

1.00xl(T 2 cm = [1.30xl0r 4 (°Cr 1 ](2.20cm)(T-20.0 D C) 


T = [ S^C | 
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*P19.13 By Equation 19.4, 

A L =a L ; AT =[llxl(r 6 (°C)- 1 ](l300 km)[35°C-(-73°C)] 
= T1-54 km | 

The expansion can be compensated for by mounting the pipeline on 
rollers and placing ci -shaped loops between straight sections. They 
bend as the steel changes length. 

*P19.14 By Equation 19.4, 

A L =aL,AT =[22x 1 (T 6 (°C)- 1 ](2.40 cm)(30.0°C) 

= [l.58x 10~ 3 cm] 

*P19.15 (a) Following the logic in thetextbook for obtaining Equation 19.6 

from Equation 19.4, we can express an expansion in area as 

AA =2aA i AT 

=2[l7.0x lCr 6 ( o C) _1 ](0.0800 m) 2 (50.0°C) 

=1.09x 1CT 5 m 2 = | 0,109 cm 2 "! 

(b) The length of each side of the hole has increased. Thus, this 
represents an | increase | i n the area of the hoie. 

*P19.16 By Equation 19.6, 

At/ =(/3-3a)V;AT 

=[ 5.81x 1CT 4 (°C Y 1 - 3( ll.Ox 1(T 6 (°C T 1 ) ] 

x (50.0 gal )(20.0°C) 

= [0.548 gal | 

*P19.17 (a) By Equation 19.4, L =L ; (l+aAT), and 

5.050 cm =5.000 cm[l+(24.0x 10r 6 (°C) _1 )(T- 20.0°C)] 
which gives T = | 437°C | 

(b) WemustgetL AI =l Brass for some AT, or 

L i, Al (l +a M AT ) =L ; Brass ( 1 +«Brass AT ’) 

5.000 cm[l+(24.0x Kr 6 (°C) _1 )Ar] 

=5.050 cm[l+(l9.0x l(r 6 ( 0 C) _1 )Ar] 
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P19.18 


Solving for AT, 

AT =2 080°C 
so | T =2 .lx 10 3o ~C 


(c) 


No. Aluminum melts at 660°C (Table 17.2). Also, although it is 
not in Table 17.2, internet research shows that brass (an alloy of 
copper and zinc) melts at about 900°C. 


We solve for the temperature! at which the brass ring would fit over 
the aluminum cylinder. 

^Al (1 ~F(%mAT ) = ^Brass (1 "^BrasA^ ) 


- L M a M 

10.02 cm - 10.00 cm 


(10.00 cm)(l9.0xl(T 6 (°C) -1 )-(10.02 cm)(24.0x lCT 6 (°C) _1 
AT =-396 =T - 20.0 -> T =-376°C 


The situation is impossible because the 
[required T = -376°C is below absolute zero.] 

P19.19 (a) Theoriginal volume of the acetone we take as precisely 100 ml_. 

After it isfinally cooled to 20.0°C, its volume is 

V f = V : {1+ pAT) = (100 ml){l+ [l.50x lCT 4 ( o Cr 1 ](-15.0 p C)} 

= [~99.8 mL | 

(b) Initially, thevolumeof the acetone reaches the 100-mL markon 
the f I ask, but the acetone cool s and the f I ask warms to a 
temperature of 32.0 °C. Thus, the volume of the acetone 
decreases and thevolumeof the flask increases. [This means th^ 
[acetone wi 11 be below the 100-mL mark on theflask.| 

P19.20 (a) The material would expand by AL = aL i AT, or ^- = aAT, but 

instead feels stress 
F _YAL 
A ~ L; 

=YaAT =(7.00x 10 9 N/m 2 )[l2.0x Kr 6 (C°)" 1 ](30.0°C) 

=1 2.52x 10 6 N/m 2 I 
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(b) The stress is less than the compressive strength, so 
I the concrete will not fracture] 

P19.21 (a) The amount of turpentine that overflows equals the difference in 

the change in volume of the cylinder and the turpentine: 

Ay =V t p t AT - V M p M AT =(p t - 3a AI ) V;AT 
=[9.00x Kr 4 ( 0 C) _1 - 3(24.0x Kr 6 ( 0 C) _1 )] 

x(2 000cm 3 )(60.0°C) 

At/ = |99.4 cm 3 ] overflows. 

(b) Find the volume of the turpentine remaining in the cylinder at 
80.0°C, which is the same as the volume of the al umi num cyl i nder 
at 80.0°C: 


y f =y A| =y A| . +p M V Mi AT = V M +3cc M V Mi AT 
= V Mi (l+3a M AT) 

= (2 000 cm 3 )|^l+3(24x 1CT 6 (°C) 1 )(60.0°C)J 
=2 008.64 cm 3 = | 2.01 L | 

(c) Find the vol ume of the turpentine in the cyl inderafter it cools 
back to 20.0°C: 

y =V H + P t V tl AT = V tI (l+P t AT) 

=(2 008.64 cm 3 )[l +(9 X 10r 4 (°C) 1 )(-60.0°C)] 

= 1900.17 cm 3 

Fi nd the percentage of the cyl i nder that is empty at 20.0°C: 

2 000cm 3 - 1900.17 cm 3 . 

-———:- 5 - = 4.99% 

2 000 cm 3 

Find the empty height of the cylinder above the turpentine: 
(4.99%)(20.0 cm) = |0.998 cm| 


P19.22 We model the wire as contracting according to AL = aL t AT and then 
stretch i ng accord i ng to 

stress = — = Y — = — ccLAT = YaAT 
A L, L. ' 
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(a) We fi nd the tensi on from 

F =YAaAT 

=(20.0xl0 10 N/m 2 )(4.00x 1CT 6 m 2 ) 

x[llxl(r 6 (°C)“ 1 ](45.0°C) 

^396N | 

Arr _ stress _ 3-OOx 10 8 N/m 2 _ 10go ^ 

Ycc (20.0x 10 10 N/m 2 )(llx lCr 6 /C°) 

To increase the stress the temperature must decrease to 
35°C - 136°C = | -101 o C | . 

(c) |The original length divides out, so the answers would notchange.| 

P19.23 (a) Thedensityof asampleof lead of massm =20.0kg, volume\/ 0 , at 

temperature^ is 

Po = ~~ = 11-3x 10 3 kg/m 3 

’'O 

For a temperature change A T = T- T 0 , the same mass m occupies 
a larger volume y =V 0 [l+f3AT); therefore, the density is 


0= _ H _- Po 

H V 0 (l+pAT) {l+PAT) 
where p = 3a, and a =29x 1CT 6 (“C) -1 . 

For a temperature change of from 0.00°C to 90.0°C, 

Po 11.3 x ltfkg/m 3 

P {l+PAT) l+3(29xl0r 6 ( 0 C) _1 )(90.0°C) 

= [li.2x 10 3 kg/m 3 ] 

(b) The mass i s sti 11 the same, 120.0 kg] , because a temperature 
change would not change the mass. 

P19.24 (a) Thedensityof a sol id su bstance of massm, volume V 0 , at 

temperature T 0 is 
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For a temperature change A T = T- T 0 , the same mass m occupies 
a larger volume V =V 0 [l+pAT)-, therefore, the density is 

_ m 

P ~V 0 [l+pAT) 

(b) The mass is still the same, \m\, because a temperature change 
would not change the mass. 

P19.25 From Equation 19.3, the difference in Celsiustemperaturein the 
underground tank and the tanker truck is 

AT C =|(aT f ) =|(95.0°F- 52.0°F) =23.9°C 

If V 52m is the volume of gasoline that fills the tank at 52.0°F, the 
volume this quantity of gas would occupy on the tanker truck at 95.0°F 
is 

^95.0°F = ^52.0°F +AV =V 5Z0 °f +PV S2 XjofAT =V 52Si > f (1+/3AT) 

=(l.00x 10 3 gal){l+[9.6x 1CT 4 (°C)‘ 1 ](23.9°C)} 

=1.02x 10 3 gal 


Po 

1+pAT 


Section 19.5 Macroscopic Description of an Ideal Gas 

P19.26 If the volume and the temperature are both constant, the ideal gas law 
gives 

p f\ = n f ?*f 

P,\ 

or w ={—\i =f 5 - 00atm "| (i.50 mol) =0.300 mol 

f [PJ { 25.0 atm J x ' 

so the amount of gas to be withdrawn is 

An = - n f = 1.50 mol - 0.300 mol = 11.20 mol | 

P19.27 The initial and final absolute temperatures are 

T t =T Ci +273 =(25.0+273) K =298 K 

and 

T f =T C f +273 =(75.0 +273) K =348 K 
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Temperature 


P19.28 


P19.29 


The volume of the tank isassumed to beunchanged, or V f =V r Also, 
si nee two-thirds of the gas is withdrawn, n f =nj 3. Thus, from the 
ideal gas law, we obtain 


or 


P /\. "/XT, 

P,\ n t XT, 


p > = (S( T i) p ‘ 


When the tank has been prepared and is ready to use it contains 1.00 L 
of air and 4.00 L of water. Consider the air in the tank during one 
discharge process. We suppose that the process is slow enough that the 
temperature remai ns constant. Then as the pressure drops from 2.40 
atm to 1.20 atm, the volume of the air doubles {PV « constant) resulting 
in 1.00 L of water expelled and 3.00 L remaining. In the second 
discharge, the air volume doubles from 2.00 L to 4.00 L and 2.00 L of 
water is sprayed out. In the third discharge, only the last 1.00 L of 
water comes out. 


In each pump-up-and-discharge cycle, thevolumeof air in the tank 
doubles. Thus 1.00 L of water is driven out by the air injected at the 
first pumping, 2.00 L by the second, and only the remaining 1.00 L by 
the third. Each person could more efficiently use his device by starting 
with the tank half full of water, instead of 80% full. 

(a) From the ideal gas law, 

_PV _(9.00atm)(l.013x 10 5 Pa/atm)(8.00x 1CT 3 m 3 ) 
n ~RT (8.314 N mol K)(293K) 

= | 2.99 mol | 

(b) The number of molecules is 

N =nN A =(2.99mol)(6.02xlO 23 molecules/mol) 

= | 180x 10 24 molecules | 
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P19.30 


P19.31 


P19.32 


P19.33 


(a) From PV =nRT, we obtain n = — .Then 
RT 


_(l.013x 10 5 Pa)(0.100m) 3 (28.9x 1CT 3 kg/mol) 

(8.314 J/mol K)(300K) 

=[L17xl^kg] 

(b) F g =mg =(l.l7x 10r 3 kg)(9.80 m/s 2 ) = | 11.5 mN | 

(c) F =PA =(l.013x 10 5 N/m 2 )(0.100 m) 2 = | 1.01 kN | 

(d) The | molecules must be moving very fasT| to hit the wall shard. 

The equation of state of an ideal gasisPV =nRT, so we need to solve 
for the number of moles to find N. 

_PV _(l.01x 10 5 N/m 2 )[(l0.0 m)(20.0 m)(30.0m)] 

H ~RT (8.314 J/mol ■ K)(293 K) 

=2.49x 10 5 mol 

Then, 

N =nN A =(2.49xl0 5 mol)(6.022x 10 23 molecules/mol) 

= | 1.50x 10 29 molecules | 


From the ideal gas law, PV =nRT, and 

m f _n f _ P f V f RT l , _ P f 
m i n i RT f P j V l P { 



and 


\Am\ = m i -m f = m i 


= 4.39 kg 


: 12.0 kg 


41.0 atm - 26.0 atm 
41.0 atm 


(a) 


Fromtheideal gas law, PV =nRT, so 


PV _(1.013x 10 5 Pa) (1.00 m 3 ) 
RT “(8.314 J/mol K)(293K) 


41.6 mol | 
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(b) m =nM =(41.6 mol)(28.9 g/mol) = | 1.20 kg | 

(c) | This value agrees with the tabulated density | of 1.20 kg/ m 3 at 
20.0°C. 

*P19.34 One mole of helium contains A vogadro's number of molecules and has 
a mass of 4.00 g. Let us cal I m 0 the mass of one atom, and we have 

N a ot 0 = 4.00 g/mol 


__ 4.00 g/mol _ 

0 6.02xlO 23 molecules/mol 

= I 6.64x 10r 27 kg I 


= 6.64xl0~ 24 g/molecule 


*P19.35 The C0 2 isfar from liquefaction, so after it comes out of solution it 
behaves as an ideal gas. Its molar mass is M =12.0g/ mol + 
2(16.0g/ mol) =44.0g/ mol. The quantity of gas in the cylinder is 

^ _ ^sample _ 650 g 

M 44.0 g/mol 
Then PV =nRT gives 


7 =0.148 mol 


_ 0.148 mol (8.314 J/mol ■ K )(273.15 K +20°C) 
1.013x10 5 N/m 2 

IN m 

1J 


10 3 L 
lm 3 


4 3.55 L 

P19.36 We use Equation 19.10, PV =Nk B T\ 

PV (lOOxHT 9 Pa)( 1.00 m 3 ) ._„_. 

kj (l.38x 10 -23 J/ k)(300 K) >-1 

P19.37 (a) Initially, py. = n i RT l : (1.00 atm)y ; =n,R[(lO.O°C +273.15) k] [1] 

Finally, P f V f = n f RT f : P f (0.280V,) =n,R[(40.0°C +273.15) K ] [2] 


Dividing [2] by [1]: 


V 

0.280P, 


_ 313.15 K 
1.00 atm “ 283.15 K 


giving P f = I 3.95 atm = 4.00x 10 5 Pa I 
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P19.38 


P19.39 


(b) After being driven, P d (1.02)(0.280V,) =n,J*(85.0°C +273.15) K [3] 


Dividing [3] by [1]: ( 102 )(°- 280 )^ 
1.00 atm 


358.15 K 

283.15 K 


P d = 4.43 atm = | 4.49xl0 5 Pa] 

The ai r i n the tube i s far from I i quefacti on, so it behaves as an i deal 
gas. Attheocean surfaceit isdescribed by P t V t =nRT, whereP t = 
latm, V t =A (6.50 cm), and A is the cross-sectional area of the interior 
of the tube. At the bottom of the d i ve, 

P b V b =nRT =P b A[ 6.50 cm - 2.70 cm) 

By division, 

P b (3-80 cm) 

(latm) (6.50 cm) 

P b 41.013x10 s N/m 2 )f 6 ' 50cm l =1.73x 10 5 N/m 2 
v ' ^3.80 cm ) ' 

The salt water enters the tube until the air pressure is equal to the 
water pressure at depth, which isdescribed by 

P b =P t +Pgh 

1.73x10 s N/m 2 =1.013x 10 s N/m 2 

+(l 030 kg/m 3 )(9.80 m/s 2 )h 


solving for the depth h of the dive gives 


h = 


7.20X10 4 kgmm 2 s 2 
l.Olx 10 4 s 2 ■ m 2 ■ kg 


= | 7.13 m | 


Thedensity of theair insidethe balloon, p in , must be reduced until the 
buoyant force of the outside air is at least equal to the weight of the 
balloon pi us the weight of theair insideit: 

EF y = a B-w irWde -w MIOO „ = o 

P^gV-p,„gV-m b g=0 -> (p M -pJv=m t 
where p out = 1.244 kg/ m 3 , V =400 m 3 , and m b =200 kg. 


71 P 

FromPV =nRT, — = — .This equation means that at constant 

V RT 

pressure the density is inversely proportional to the temperature. 
Thus, thedensity of the hot air insidethe balloon is 
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*P19.40 


P19.41 


P19.42 


Substituting this result into the condition [p^-p^V =m b gives 
283 m h 


Pout 1 


283 K _ m b 

T in p out V 



To compute the mass of air leaving the room, we begin with the ideal 
gas law: 


P 0 V =n 1 RT 1 =1^)^ 


Ml 

A s the temperatu re i s i ncreased at constant pressure, 

Subtracting the two equations gives 


R [Ti tJ 


At depth, P =P 0 +pgh and PV i = nRT i 

PV T 

At the surface, P,y. =nRT/. j -— ° . =-f 

’ ’ (Po +pgh)v, Ti 


Therefore, 


;, V f =v/—Y P ° +pgh and 

7 'UA J 


V f =1.00 cm 3 

f (l.013xl0 5 Pa) +(l030 kg/m 3 )(9.80 m/s 2 )(25.0m) 
1.013 x 10 5 Pa 


My bedroom is4m long, 4m wide, and 2.4m high, enclosing air at 
lOOkPaand 20°C =293K.Thinkoftheairas80.0%l\Land 20.0%0 ? . 
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P19.43 


P19.44 


Avogadro's number of molecules has mass 

(0.800)(28.0 g/mol) +(0.200)(32.0 g/mol) =0.028 8 kg/mol 


Then PV = nRT = ^JRT gives 

_PVM _(l.00x 10 5 N/m 2 )(38.4m 3 )(0.028 8 kg/mol) 
m__ RT (8.314 J/mol ■ K)(293 K) 

=45.4 kg | -10 2 kg | 


Pressure inside the cooker is due to the pressure of water vapor plus 
the ai r trapped i nsi de. The pressu re of the water vapor i s 


nRT _ 1 

' 9.00 g 

( 8.314JV 773 K ^ 

V 

v 18.0 g/mol J 

Imol K JlzOOx HT 3 m 3 J 


= 1.61 M Pa 


We fi nd the pressure of the ai r at constant vol ume, assuming the i nitial 
temperature is 10°C: 


^2 

Pal 


n 

Ti 


P 2 =P al ^ =(101 kPa)™ 

a2 l V ' 283K 

=276 kPa =0.276 M Pa 


The total pressure is 


P =P V +P a2 =1.61 M Pa +0.276 M Pa = |1.89MPa| 


If P g/ is the i nitial gauge pressure of the gas i n the cyl i nder, the i nitiai 
absolute pressure is P i abs =P gi +P 0 , whereP 0 is the exterior pressure. 

Li kewi se, the fi nal absol ute pressure i n the cyl i nder i s P f abs =P gf +P 0 , 
w here P gf is the final gauge pressure. The initial and final masses of gas 
in the cyl i nder are m, =n ( M and m f =n f M , where n isthe number of 
moles of gas present and M isthe molecular weight of this gas. Thus, 
m f /m i = . 


We assu me the cy I i nder i s a ri gi d contai ner w hose vol ume does not 
vary with internal pressure. Also, si nee the temperature of the cylinder 
is constant, its volume does not expand or contract. Then, the ideal gas 
law (using absolute pressures) with both temperature and volume 
constant gives 


P f,absX _ n /i^ m / 

n abs \ m i 

and in terms of gauge pressures, 
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m f =m i 


Pg +Pq ) 
P , +P oj 


Additional Problems 


P19.45 The astronauts exhalethis much C0 2 : 


_ OT sample 


M 


/ 1.09 kg ^ 

( 1000g^j 

^astronaut day J 

l 1kg J 


x(3 astronauts)(7 days)! ] =520 mol 

Then 520 mol of methane is generated. It is far from liquefaction and 
behaves as an ideal gas, so the pressure is 

_nRT _(520 mol)(8.314 J/mol ■ K)(273.15 K - 45 K) 

V 150xl0r 3 m 3 

= f6.57xltf Pa | 

P19.46 We must first con vert both the initial and final temperatures to Celsius: 

r c =^(r F -32) 

Thus, T mm - 32) =|( 15.000- 32.000) =-9.444°C 

T tml =/(?, ,., - 32) =/(90.000- 32.000) =32.222°C 

The I ength of the steel beam after heati ng i s L f , and the I i near 
expansion of the beam follows the equation: A L = L f - L { = aL ; AT 

Thus, 

L f =aL i (T f -T i )+L i 

=(llx lOr^C -1 )!35.000 m)[32.222°C-(-9.444°C)] 

+35.000 m 

=0.016 m +35.000 m =| 35.016 m| 


© 2014Cengage Learning. All Rights Reserved. M ay not be scanned, copied or duplicated, or posted to a publicly accessible website, in wholeor in part. 




Chapter 19 1017 


P19.47 


P19.48 


(a) Thediameter isa linear dimension, so we consider the I inear 
expansion of steel: 

d =d 0 [l+a(AT)\ 

=(2.540 cm)[l+(llx HT 6 (°cr 1 )(l00.00°C- 25.00°C)] 
= |2.542 cm | 


(b) If the vol ume i ncreases by 1%, then AF = (l.OOOx HT 2 ) y 0 . Then, 
using Ay =fiV 0 [ AT), where (3=3a is the vol ume expansion 
coefficient, we find 


AT _ Ay/y 0 l.OOOx la 2 

P 3[ll.0xl0- 6 (°C) -1 ] 


= |3.0x 10 2 °C| 


Theideal gaslaw will be used to find the pressure in the tire at the 
higher temperature. However, one must always be careful to use 
absolute temperatures and absolute pressures in all ideal gaslaw 
calculations. 


The initial absolute pressure is 

P t =P U gauge +P Sm =2.50 atm +1.00 atm =3.50 atm 


The initial absolute temperature is 

T ; =T i C +273.15 =(15.0+273.15) K =288.2 K 


and the final absolute temperature is 

T f =T / C +273.15 =(45+273.15) K =318.2 K 

The ideal gas law, with volume and quantity of gas constant, gives the 
f i nal absol ute pressu re as 

p f\ yfr/ 

P,X, trf(T, 


The final gauge pressure in the tire is 

P fi ^ge = Pf~ Patm = 3.86 atm -1.00 atm = 12.86 atm| 
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*P19.49 Somegaswill passthrough the porous plug from the reaction chamber 
1 to the reservoir 2 as the reaction chamber is heated, but the net 
quantity of gas stays constant according to n n +n i2 =n fl +n f2 . 

PV 

Assuming the gas is ideal, we apply n =— to each term: 

. f:(4v 0 ) _ p,v ,o p,W 

(300K)R (300K)R (673 K )R (300K)R 


latm 


(_5_1 

|-p[ 1 + 4 1 

*300 K i 

1 / \ 673 K 300 K / 


P f = 1.12 atm 


Let us fol I ow the cycl e, assumi ng that the cond iti ons for i deal gases 
apply. (That is, that the gas never comes near the cond iti ons for which 
a phase transition would occur.) 

We may use the ideal gas law: 

PV =nRT 

in which the pressure and temperature must be total pressure (in 
pascals or atm, depending on the units of R chosen), and absolute 
temperature (in K). 

For stage (1) of the cycle, the process is: 

PV = nRT VAP = nRAT 
And, because only T and P vary: 

AT V 


Thus: 


A P 
T _L- 


- = — = const. 


nR 


T f Ti V 

- J - = — = — = const. 

P f P nR 


A 



B (2) 


v 

ANS. FIG. P16.70 
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H owever, when we substitute into the temperature-pressure relation 
for stage (1), we obtain: 


■Tl 

’P l 



0.870 atm 
1.000 atm 


(150°C +273.15) 


=368.14 K = |95.0°C| 


T falls below 100°C, so steam condenses and the expensive 
apparatus falls (assuming that the boiling point does not change 
significantly with the change in pressure). 

P19.51 We assume the dimensions of the capillary tube do not change. 

For mercury, p =1.82x lO^C)' 1 


and for Pyrexglass, a =3.20x KT 6 (°C) 1 


The volume of the liquid increases as AV e = VpAT. 

The vol ume of the shel I i ncreases as AV ? = 3aVAT. 

Therefore, the overflow in the capillary is AV C =VAT(p-3a), and in 
the capillary AV C = AAh. 


AV C =AAh =VAT [p-3oc) -+ Ah = 


[p-3a)VAT 


Ah = 


0.004 00X lor 2 m 


[ 1.82 x 1(T 4 (°C ) _1 - 3( 3.20 x 1 (T 6 (°C ) _1 )] 


4 ( 0.250x 10 2 m 


(30.0°C) 


Ah =3.37x 10 2 m = |3.37cm| 



Tj Ti + AT 

ANS. FIG. P19.51 
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P19.52 We assu me the d i mensi ons of the capi 11 ary d o not change. The vol u me 

of the liquid increases by AV ( = VfiAT. The volume of the shell 
increases by AV g = 3aVAT. Therefore, the overflow in the capi 11 ary is 
AV C =VAT[p-3a ); and in the capi 11 ary AV c = AAh. 


P19.53 


P19.54 


Therefore, 


Ah =(/?- 3a) 


VAT 

A 


The fundamental frequency played by the cold-walled flute is 


A ssu mi ng the change i n the speed of sou nd as a fu ncti on of 
temperature is negligible, when the instrument warms up 

r - v - v - = h 

Jf l f 2 L f 2L ; (1 +aAT) 1+aAT 
The final frequency is lower. The change in frequency is 

(343 m/s) ( 1 

J 2(0.655 m)[l+(24.0xK^/C°)(15.0°C) J 

= | -0.0942 Hz~| 

Thi s change i n frequency is i mpercepti bly smal I. 

Let L 0 represent the I ength of each bar at 0°C. 

(a) In the diagram consider the right triangle that each invar bar 
makes with one half of the aluminum bar. We have 


6) _ L 0 (l+a M AT)/2 _ L 0 (l+a M AT ) ' 
V L 0 2L 0 


Solving gives 


6 =2sin" 1 


l+g Ai r c j 


where T c is the Celsius temperature. 

(b) |Yes.| Ifthetemperaturedrops,thenegativevalueof Celsius 
temperatu re descri bes the contracti on. So the answer i s accurate. 
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(c) |Yes.| AtT r =0 we have 6 =2sin^(l/2) =60.0°, and this is 
accurate. 

(d) From the same triangle we have 


Yn l 0 (i+cc m at) 

2 J 2L 0 (l+a invar AT) 


giving 


\e =2sin 1 


l+a A ,T r 


{2(l+g imar T c ) 

(e) The greatest angle is at 660°C, 

l+a A |T r 


0 =2sin _1 
=2sin' 1 | 


2(l+a invar T c ) 

1.015 84 


H4 


^ 2.0011 88 J 
(f) Thesmallestangleisat-273°C, 

l+(24x 1 Qt 6 )(-273) 


l+(24xl(T 6 )660 
2(1 +[0.9x 1CT 6 ]660) 

2sin 1 0.508 =[ 


6 =2sin 
=2sin _1 [ 


2(1 +[0.9x lCT 6 ][-273]) 
0.9934' 


11.9995; 


=2sin 1 0.497 = 


P19.55 The excess expansi on of the brass i s 

A^rod ” ^tape = ( 0! brass - ^sted jfyAT 


A(AL) =(19.0- 11.0)x 1CT 6 (°C) _1 (0.950 m)(35.0°C) 
a(al) =2.66x Id 4 m 


(a) The rod contracts more than the tape to a I ength read i ng 

0.950 0 m- 0.000266 m = | 94.97 cm | 

(b) 0.950 0 m +0.000 266 m = | 95.03 cm | 

P19.56 At0°C, mass m of gasoline occupies volume V^; the density of the 
gasoline is 


Po°c =tt~ — =730 kg/m 3 

^o°c 
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P19.57 


P19.58 


At temperature AT above 0°C, the same mass of gasol ine occupies a 
larger volume V =V 0 , c (l+/3AT): the density of the gasol ine is 

p = -7-^——r = ~~~ — , which isslightly smaller than p™.. 

F Voo C ( 1+)8AT) 1+/3AT y y Ftrc 

For the same vol ume of gasol i ne, the difference i n mass between 
gasol i ne at 0°C and gasol i ne at 20.0°C i s 

Am =p vc V-pV =p vz V- z £^V 

Am =P n °rW 1- \ - 1 

Foc ^ 1+pATJ 

Ara =[(730 kg/m 3 )(l0.0gal)(^“)] 

X ( 1_ l+(9.60x 10 _4 ( o C) _1 )(20.0°C)) 

Am =10.523 kg I 


(a) p = — and dp = -^dV 

For very small changes in V and p, this can be expressed as 




^ = -PAT 
P 


(b) |As the temperature increases, thedensity decreases.) 


(c) For water we have p =- 


A p _ 0.9997 g/cm 3 - 1.0000 g/cm 3 
pAT (1.0000 g/cm 3 )(10.0°C-4.0°C) 


5x 10 r5 (°C) 1 


(d) 


Ap _ 1.0000 g/cm 3 -0.999 9 g/cm 3 

pAT (1.0000 g/cm 3 ) (4.00°C - 0.00°C) 


-2.5x 10r 5 (°C) 1 


(a) From PV =nRT, the vol ume is y 


-(?>■ 


Therefore, when pressure is held constant, - 
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P19.59 


P19.60 


(V 

\dV | 

' 1 ' 



_ nn 

tv. 

)dT~ 1 


Jr 

or 

P ~[rj 


(b) At T =0°C =273.15 K, this predicts p = = | 3.66x 10 3 K 

Experimental values are: 


(c) 

P He = 3.665xlCT 3 K \ thisagreeswithin0.06% 
of the tabulated value. 




(d) 

j8 air =3.67x 10r 3 K \ thisagrees within 0.2% 
of the tabulated value. 



(a) Using the expression for the period T p of a pendulum, we have 



dT p fiyL 
T P \2J L 


and AL = aL,AT, so, for temperature change dT, 


IdL adT 

dT ' =T *2T =T -~r. 

(l9.0x 10 6 (°C) 1 )(l0.0°C) 
=1.000 s ---- 


= |9.50xl(T 5 s] 


(b) In one week, the time lost = 1 week (9.50 x 10r 5 s lost per second) 
time lost =(7.00 d/week)^ 8 ^^ S j^9.50x 10r 5 
time lost = I 57.5 s lost I 


The angle of bending 0, between tangents to the two 
ends of the strip, is equal to the angle the strip 
subtends at its center of curvature. (The angles are 
equal because their sides are perpendicular, right side 
to the right side and leftsideto leftside.) 



ANS. FIG. P19.60 
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P19.61 


P19.62 


(a) The definition of radian measuregives L,. +AL X =0^ 
and L; +AL 2 =dr 2 . By subtraction, 

AL 2 - AL x =$(r 2 - rj 

a 2 L { AT - a^AT =6 Ar 
o _ (a 2 -a 1 ) L l AT 

_ Ar 

(b) In the expression from part (a), d is directly proportional to AT 
and also to (a 2 -aj. Therefore, 0 is zero when either of these 
quantiti es becomes zero. 

(c) The material that expands more when heated contracts more 
when cooled, so | the bimetal lie strip bends the other way] . Itisfun 
to demonstrate this with liquid nitrogen. 

(a) From ANS. FIG. P19.61, we see that the change in area is 

A A =£Aw +wAl +AwA£ 

Since A£ and Aw are each small quantities, 
the product AwA£ wi 11 be very smal I. 

Therefore, we assume AwA£ « 0. 

Since Aw = waAT and A£ = £aAT, 
we then have A A =£waAT +£waAT, 
and si nee A = £w, | AA = 2aAAT~| 

(b) The approximation assumes AwA£ ~ 0, or aAT = 0. Another way 
of stating this is | aAT « 11 . 

Let p 0 represent the density of the liquid at 0°C. At temperature T c , the 
volume of a sample has changed according to AV = (3VAT = PVT C , so 
the density has become 

_ m _ 1 

P ~V+f3VT c ~ Po l +/3T C 

SO p(l+[3T c ) =p 0 

N ow the pressure at the bottom of the U tube is the same, whichever 
column it supports: 

P 0 + P<& h o = P o + p9 h t 
Simplifying, 

pA = P h t 


h>+aL 

i 


T,+AT 


-e+M- 

ANS. FIG. P19.61 
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and substituting, 

p( 1+/JT c )fy> =P h t 

(i +PTc ) K =h^ P =±[!±-i) 

P19.63 (a) | Yes, so long as the coefficients of expansion remain constant.| 

(b) The coefficient of I inear expansion of copper, 17.0 x lCf 6 °C\ is 
greater than that of steel, 11.0 x la 6 °C _1 , so the copper rod should 
start with a smaller length. Si nee the difference between the 
lengths of the two rods is to remain constant, we require 

a Cu L Cu AT =a s L s AT 

(17.0x10r 6 (°C) _1 )l C u AT =(ll.0xl0r 6 (°C) _1 )L s Ar 
which gives 

17.0L Cu = 11.0L S 

Now, with L Cu +5.00cm=L s at 0°C, we obtain by substitution, 
L Cu +5.00cm=^jL Cu 


Lc “ = (i^) (500cm)=917cm 


WithL s -L c = 5.00 cm, the only possibility isL s = 14.17 cm 
and L c = 9.17 cm. 


P19.64 (a) Particle in equilibrium model 


(b) On the piston, 

Xf = f g as-Vfair = 0: 
ZF = PA-mg-P 0 A= 0 


(c) In equilibrium, P gas 


_mg 


+P n . 


=! +p °’ 


h=- 


nRT 


mg +P 0 A 



ANS. FIG. P19.64 


where we have used V =hA as the volume of the gas. 
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P19.65 


P19.66 


P19.67 


We compute the moment of i nertia from 

1 = \r 2 dm 

and since r[T) =r(i; )(l+aAT), 

§r (1+aAT > 2 

Thus 

(a) With a =17.0x KT 6 ( 0 C) _1 and AT =100°C, wefindforCu: 

y =[l + (l7.0x 1CT 6 (°C) 1 )(100°C)] 2 -1= | 0.340% 1 

(b) With a = 24.0x lOr 6 (°C) 1 and AT =100°C, wefind for Al: 

y =[ 1 + (24.Ox 1(T 6 (°C Y 1 )(100°C )] 2 -1 = | 0.481% | 

(a) Letm represent the sample mass. The number of moles is n = — 

M 

and the density is p = — .SoPV =nRT becomes PV = —RT or 
F V M 

m 

PM = -RT. 

V 


Then, p = — = 
H V 


(b) p = 


PM (1.013x10 s N/m 2 )(0.032 0 kg/mol) , oo , . 3 

P = IT - (&314 J/mol ■ K )(293K) - 


After expansion, the length of one of the spans is 

L f =L,.(l+oAT) =(125 m)[l+12x Kr 6 ( o C)- 1 (20.0°C)] 
=125.03 m 

L f ,y, and the original 125-m length of this span form a right triangle 
withy as the altitude. Using the Pythagorean theorem gives 

(125.03 m) 2 =y 2 +(l25m) 2 

yielding y = [ 2.74 m;| . 
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P19.68 Let £ = L/2 represent the original length of one of the concrete slabs. 

After expansion, the length of each one of the spans is i f =([l+aAT). 
Now, t f , y, and the original length t of this span form a right triangle 
withy as the altitude. Using the Pythagorean theorem gives 

i 1 2 =£ 2 +y 2 

or 

y =]i 2 -i 2 =£^J(l+aAT) 2 - 1 =(L/ 2)yj2aAT +(aAT ) 2 
Since aAT «1, we have | y^L-JaAT/ 2 | 

P19.69 (a) Let V represent the compressed volume at depth 

B=pgV' P' =P 0 +pgd P'V' =P 0 V i 

Z-PgPpVi- 
P' 

(b) Si need is in the denominator, B must | decrease | as the depth 
increases. (The volume of the balloon becomes smaller with 
increasing pressure.) 

(c) Tofind thedepth at which the buoyant force is half that at the 
surface, we write 

1 _ B(rf) = Pg(‘aYi/Po +Pg^) _ Pp 

2 B(0) PgPoV,/P 0 Po+Pgd 

Then, solve for d from P 0 +pgd =2 P 0 : 


P19.70 (a) 


(b) 


_ p o _ ±.u±jx lu in / m 

~~pg “(l.OOxlO 3 kg/m 3 )(9.80 m/s 2 )' 


No torque acts on the disk so its angular momentum is 
constant. Yes: it increases. Asthedisk cools, its radius and, 
hence, its moment of inertia decrease. Conservation of 
angular momentum then requires that its angular speed 
increase. 


Ip, =I f co f =^MRfco, MR 2 (o f 

=^MR 2 [l-a\AT\] 2 Q) f 


=^ m [ r ; +R i aATf(o f 


PgPpVj 
Pp +Pgd 
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P19.71 


co f =co i [l-a\AT\] 2 
=| 25.7 rad/s] 


_ 25.0 rad/s __ 25.0 rad/s 

[l- (l7x 1CT 6 (°C T 1 ) (830°C )] 2 °- 972 


V i sual i ze the mol ecu I es of vari ous sped es al I movi ng rand oml y. The 
net force on any secti on of wal I i s the su m of the forces of al I of the 
molecules pounding on it. 

c . , „ N,kT . „ N 2 kT , „ N 3 kT ^ 

For each gas alone, P, = —— and P 2 = —— and P 3 = ——, etc. 
a 1 v 2 v V 


For all gases, 

PjV .! +P 2 V 2 +P3V3... (N x +N 2 +N 3 ...)kT and 
(N 1 +N 2 +N 3 ...)kT =PV 


Also, V 1 = V 2 = V 3 =...= V; therefore, | P =P 1 +P 2 +P 3 ... \ 


Challenge Problems 

P19.72 (a) At 20.0°C, the unstretched lengths of the steel and copper wi res 

are 

L S (20.0°C) =(2.000 m)[l+(ll.0x 1(T 6 °C- 1 )(-20.0°C)] 
=1.999 56 m 

L c (20.0°C) =(2.000 m)[l+(l7.0x 1(T 6 °C- 1 )(-20.0°C)] 
=1.99932 m 

Under a tension F, the length of the steel and copper wires are 


L' =P S 

i+ F l 

and 

r f 1 

L' c =L 1+- 




c c YA c 


where L' +L' C =4.000 m 

Si nee the tension F must be the same in each wire, we solve for F: 

(K+U)-{l,+l J 

LJY S A S +L C /Y C A C 
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F 


F 


P19.73 


When the wi res are stretched, thei r areas become 

A s =tt (1.000x1 Or 3 m) 2 [l+(ll.0xl(r 6 °C 1 )(-20.0)] 2 
=3.140x 10 6 m 2 

(1.000x1(T 3 m) 2 [ 1 +(17.0x 1CT 6 °C- 1 )(-2aO)] 2 
=3.139x 1(T 6 m 2 

Recall Y s = 20.0x 10 10 Pa and Y c = ll.Ox 10 10 Pa. Substituting into 
the equation forF, we obtain 


=[4.000 m- (1.999 56 m +1.999 32 m)] 

1 

x 1.99956 m 1.99932 m 

(20.0xl0 10 Pa)(3.140xl0r 6 ) m 2 + (ll.0xl0 10 Pa)(3.139x 10r 6 ) m 2 

= | 125 N | 

(b) Tofind thex coordinate of the junction, 


L; =( 1.999 56 m) 
=1.999958 m 


1 +- 


125 N 


(20.Ox 10 10 N/m 2 )(3.140xlOr 6 m 2 


Thus thex coordinate is -2.000 +1.999958 = [^4.20x HT 5 m~| 


(a) We fi nd the I i near density from the vol ume density as the mass- 
per-volume multi plied by the volume-per-length, which isthe 
cross-sectional area. 

p =^p[nd 2 ) =^tt[ LOOx l(T 3 m) 2 (7.86x 10 3 kg'm 3 ) 
= |6.17xl(T 3 kg^rnj 

(b) Si nee f x =^~ and v = 1 
tension 


—, thenF =— —, and we have for the 
'p 2L\p 


F =T =p[2Lf 1 f =(6.17x 10r 3 kg/ m)[2(0.800 m)(200s- 1 )] 2 
= [632N~| 

(c) At 0°C, the length oftheguitar string will be 


I =0.800 m 
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P19.74 


WhereL 0 „ c is the unstressed length at the low temperature. We 
know the string's cross-sectional area 

A =(^)(1.00x 1CT 3 m) 2 =7.85x 1(T 7 m 2 

and modulus Y = 20.0x lO^N/m 2 
Therefore, 

F 632 N 

M (7.85x la 7 m 2 )(20.0x 10 10 N/m 2 ) 


and L„ = 


0.800 m 


r =0.796 8 m 


1 +4.02 x 1CT 3 
Then at 30°C, the unstressed length is 

L^ c =(0.796 8m)[l+(30.0°C)(ll.0xl0r 6 “C" 1 )] 
=0.797 lm 


With the same clamping arrangement, 

0.800 m =(0.797 1 m)^l+-^J 

where F' and A' arethenew tension and the new (expanded) 
cross-sectional area. Then 


F _ 0.8000 
A'Y ~ 0.7971 


- 1= 3.693 x 10 3 


and 


F = A'Y(3.693x 1C 3 ) 

F' =(7.85 x 10r 7 m 2 )(20.0 x 10 10 N/m 2 )(3.693 x 1CF 3 )(1+oAT) 2 
F' = (580 N )(1 + 3.30 x 10‘ 4 ) 2 = 1580 N | 

(d) Also the new frequency f[ is given by = 

50 ^ =(200Hz) Sf=^ i 

P V P'V 

(a) -A— =-because the amount of gas remains constant. 

T V 

The volume increases by Ah when the piston rises: 

V’ =V +Ah 
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P19.75 


When the piston compresses the piston by h, so the spring force 
increases by F =kx =kh, increasing the external pressure on the 
piston by kh/A: 

V' =V +Ah 



ANS. FIG. P19.74 


Using the particle in equilibrium model applied to the piston, 

[Po+ l j){V+A h )=P 0 v{^j 


(1.013x10 s N/m 2 +2.00x 10 s N/m 3 h) 
x(5.00x 1(T 3 m 3 +(0.010 0 m 2 )h) 

=( 1.013x 10 s N/m 2 )(5.00xlO“ 3 m 3 )^|||^ 

2 000 h 2 +2 013^-397 =0 

-2 013+2 689 | 

-= 0.169 m 

4000 1 - 1 

ZOOxlO 3 N/m)(0.169 m) 


Taki ng the positive root, h 


(b) P' =P +— = 1.013x 10 s Pa + 

A 

P' = I 1.35 x 10 s Pa I 


0.010 0 m 2 


Each half of the spherical container is a particle in equilibrium. 
Therefore, using the result of Problem 14.58, 


IF =0 


pUr 2 ) =—A =o[2nrt) 
A 


r holding hemispheres togetfie 

2o 


where o i s the yi el d strength of the steel. Fi nd the mass of the steel 
sphere: 

% = PaY =Pst(47rr 2 f)=p st ^4^r 2 ^jj = 2n Pac ^- 
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Find the pressure of the helium in the tank: 


PV = nRT 


P = 


nRT m Hl 


V M h 

Substitute into the previous equation: 


™st = 2n p a — 



r y 

nZ|_|e 

RT 


[> 3 JJ 



= 3 p st m He RT 
2 o M Hp 


Find the buoyant force on the balloon: 

r, ,7 PV nRT nz He RT 

^ — Pair,? ^balloon — Pair? p — Pair? p — Pair? TT 

*0 i 0 m He A 0 

where we use the pressure of helium in the balloon P =P 0 = 
atmospheric pressure. 

Find the net force on the balloon and tank: 

'LF = B- m He g - m^g 

m He RT 3 p a nz He g 

-—- m„ 0 g - ^eo grp 


= m„,g( ft 


2 cr M h< 
RT . 3p a RT 
- 1 "2^ 


= m H^| 

Eval uate the brackets: 


W 

RT ( PaiL-^Pa |_ ! 

M h 1 " ~ 1 



Pair 

^0 


3 Pstl 

2a ) 


[r (8.314 J/ mol ■ K)(293 K) 
| 4 x 10" 3 kg/ mol 


( 1.20 kg/ m 3 

3[ 7 860 kg/ m 3 Y|1 J 

[ 1.013 x 10 5 Pa 

2^5x N/m 2 JJJ J 


= {[(6.09 x 10 5 m 2 / s 2 ) 


x( 1.184 6 x 10r 5 s 2 / m 2 - 2.358 x 10r 5 s 2 / m 2 )]-1} 
= -8.146 
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Because the net force is negative, the balloon cannot lift the tank. If we 
can vary the strength of the steel, I et's f i nd out how strong the steel 
must be by evaluating crto makethe net force positive. Wewantthe 
following to be true: 


RT f p air 
MneUo 


3 £*) 

2a) 


1>0 


M anipulating this inequality gives, 



Pat_3ps L> Mne ^ 3p a ^ M He p a|r 
P 0 2 o RT 2 o RT P 0 

3 Pa < _Mne + Pml= ~ M He P o + P™ RT 
2 a RT P 0 PqRT 

2 a_ PqRT 

3 p a > -M He P 0 + P ail -RT 


a 


3 PxPqRT 

2 ~M He P Q + PairRT 


(7 860 kg/ m 3 )( 1.013 x 10 5 Pa)(8.314 J/ mol K)(293 K) 

-(4 x 10" 3 kg/ mol)(l.013 x 10 5 Pa) +(l.20 kg/ m 3 )(8.314J/ mol K)(293 K) 


0 = 11.6 x 10 8 N/ m 2 = 2.3cr actual 

|No, the steel would need to be 2.3 times stronger. | 

P19.76 With piston alone, T =constant, so PV = P 0 V 0 or P(Ah i ) =P 0 (Ah 0 ). 
With/\ = constant, P = P 0 ( —1. 


But, P=P 0 +-^, 

wherem p isthe mass of the piston. 


Thus P n +- 


■PJ — , which reduces to k ■■ 


1 +m p gl P 0 A 
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P19.77 


With the dog of massM on the piston, a very similar calculation 
(replacing m p by m p +M ) gives 

h' - , ^ 

l+(m„ +M)^/ 


Thus, when the dog steps on the piston, it moves downward by 

Ak=h-h' 

_ 50.0 cm 

_ l+(20.0 kg)(9.80 m/s 2 )/[(l.013x 10 5 Pa)n (0.400 m) 2 ] 

__ 50.0 cm __ 

~ l+(45.0kg)(9.80 m/s 2 )/[(l.013x 10 5 Pa);r(0.400 m) 2 ] 

Ah = | 2.38 mrrT] 

.. . D V V' Ah . Ah' 

(b) P= const,so- = — or -^ = —, 

giving 


T _ T fM_ T 1+ ( w P +m)*/p 0 a 

\h'J 1 1 +m p g/P qA 

l+(45.0kg)(9.80 rg/s 2 )/ 

(1.013x 10 5 Pa);r(0.400m) 2 ' 

l+(20.0kg)(9.80 m/s 2 )/ 

(1.013x 10 5 Pa);r (0.400 m) 2 ' 

T =\ 294.4 K =21.4 °C | 


(a) — = ccdT\ )adT= J — =>lnf^-l 

L T: L: L l L- J 

= ccAT =>| L f = L,e“' r 


(b) L, =(l.00 m)^ : 


c _1 )(ioo o c)] = 


J =1.002 002 m 
L; =1.00 m[l+(2.00x lor 5 “C-^flCXTC)] =1.002 000: 

Lf ~ Lf = 2.00x Id 6 = | 2.00X 10 4 % | 


(0 L, =(1.00 =7.389 m 

L' f =1.00 m[l+(0.020 0°C ^(lCXTC)] =3.000 m 
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^-^=[5a4%l 

L f 

(d) P 19.21 redone: 

We start with 

dV = pVdT -> C y = P dT V f =V i e pAT 

where we assume/? (and a) remai ns constant over the 
temperatu re range AT. 

Thus, for the tu rpenti ne, 

V =y/ AT 

t, final v t c 

and for the aluminum cylinder, V M final =V M e 3otA ' AT , wherewe 
assume a remai ns constant over the temperatu re range AT. 
new (a): 

A y =V t e p ‘ AT -V M e 3ctMAT 
AV =V { (e p,AT - e 3aA ' AT ) 

=(2 000 Cm 3 jfg( 90a<ltr4c ^600°C) _ g 3(24.0xl0^ o C- 1 )(60.0 o C) 1 


Ay = |102mL of turpentine spills, | 
new (b): 

The vol ume of the turpenti ne remai ni ng i n the cyl i nder at 80.0°C 
i s the same as the vol ume of the al umi num cyl i nder at 80.0°C: 

V =V =V p 3a *' AT 

v t .remaining v Al, final v Al 1, 

=(2 000an 3 )^ 24MO ‘ , ‘ cr ‘> ao ' c| 

=2 009 cm 3 

12.01 L remai ns i n the cyl i nder at 80.0 °C | 
new (c): 

The vol ume of turpenti neat 80.0°C we found in part new (b), 
y t , remaining =V Ai e3 “ A|AT ' shrinks w hen the temperature changes by 
-AT: 


,-ftAT _y e 3a M AT e -p t AT _y g (3a AI -/3 f )Ar 
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Vj. fi nal =\V 3 “ a|A V Aat =V M e {3aM ~ p,)AT 


=(2 000 c 


I [3(24.0xl(r 6o C' 1 )-(9.00xia 4 C- 1 )](60.0 o C) 


^t final - 1 903 cm 3 


Fi nd the percentage of the cyl i nder that i s empty at 20.0°C: 

T/ T 7 „(3“A|-A) AT , . 

^Al ~ V A\ e _ =l_p( 3 “A,-A)AT 

V^| c 

Find the empty height of the cylinder above the turpentine: 
(l— e (3«A,-fi]ATj( 2ao cm ) = o.969 cm 


and the turpentine level at 20.0°C is 0.969 cm below the 
cylinder's rim. 

P19.78 (a) LetxL represent the distance of thestationary linebelow thetop 

edge of the plate. The normal force on the lower part of the plate 
is mg [l- x) cose and the force of kinetic friction on it is 
p k mg[ 1- x)cos0 up the roof. Again, p k mgxcosQ acts down the 
roof on the upper part of the plate. The near-equilibrium of the 
plate requires |XF x = 0| . 

-p k mgxcosQ + p k mg (l-x)cosO-mg s\r\ 6 =0 
-2 p k mgx cosO =mg si n 0 - p k mg cos 0 
2p k x = p k - tan 0 
1 tan0 
X ~2~^ 



temperature rising 

ANS. FIG. P19.78(a) 

and thestationary line is indeed below thetop edge by 
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(b) With the temperature fal I i ng, the plate contracts faster than the 
roof. The upper part si ides down and feels an upward frictional 
force p k mg( l-x)cos0. The lower part si ides up and feels 
downward frictional force p k mgxcosd. The equation X F x = 0 is 
then the same as i n part (a) and the stati onary I i ne i s above the 

bottom edge by xL =-( l- |. 

2 l A4 J 



temperature falling 

ANS. FIG. P19.78(b) 


(c) Start thinking about the pi ate at dawn, as the temperature starts 
to rise. As in part (a), a line at di stance xL below the top edge of 
the plate stays stati onary rel ati ve to the roof as I ong as the 
temperature rises. The pointP on the plate at distancexL above 
the bottom edge is destined to become the fixed point when the 
temperature starts fal ling. As the temperature rises, point P on 
the pi ate si i des down the roof rel ati ve to the u pper fi xed I i ne from 
(L -xL-xL) to (L-xL-xL)(1+cc 2 AT) , a change of 
ALpiate =[L-xL-xL)a 2 AT. The point on thereof originally under 
pointP at the beginning of the expansion moves down not quite 
as much from (L - xL - xL ) to [L-xL-xL)( 1 +a 1 AT) rel ati ve to 
theupper fixed line; a change of A L r00f =L[l-x-x)a 1 AT. When 
the temperatu re d reps, poi nt P remai ns stati onary on the roof 
whilethe roof contracts, pulling pointP back by approximately 
AL roof . Therefore, relativeto the upper fixed line, pointP has 
moved down the roof AL plate -AL roof . Its displacement for the day 
is 

A L =AL plate - AL roof =[a 2 - aJ(L - xL - xL)AT 
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ANS. FIG. P19.78(c) 

At dawn the next day the point P is farther down the roof by the 
distance AL. It represents the displacement of every other point 
on the plate. 

(d) 

=(24xl0r 6 °C- 1 - 15xl(T 6 “C" 1 ) 

x[ q20m)tanl8.5° j (320ac) 

= | 0.275 mrrT] 

(e) If a 2 <a 1 , the forces of fri cti on reverse d i recti on relati ve to parts 
(a) and (b) because the roof expands more than theplateasthe 
temperatu re ri ses and I ess as the temperatu re fal I s. The d i agram 
in part (a) then applies to temperatu re fal ling and the diagram in 
part(b) applies to temperature rising. A point on the pi ate xL 
from the top of the plate (which becomes the upper fixed line 
later when the plate contracts) moves upward from the lower 
fixed line by AL plate , and when the temperature drops, the upper 
fixed lineof the pi ate is carried downtheroof by AL roof , so the net 
change in the plate's position is AL roof -AL plate , same as before (up 
to a sign because now AL roof >AL plate ). 

The plate creeps down the roof each day by an amount given by 
the same expression (with a 2 and interchanged). 


P19.79 See A NS. FIG. P19.79. Let 26 represent the angle the curved rail 

subtends. We have 

L, +AL =2 0R =L l (l+aAT) 

, . „ L/2 L, 

and sin0 = —^ = —. 

R 2 R 

Thus, 0 =^ i -[l+aAT)=(l+aAT)s\r\6 


©2014Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessiblewebsite, in wholeor in part. 






Chapter 19 1039 


From Table 19.1, a =llx 10r 6 ( o c)"\ and AT =25.0°C - 20.0°C = 
5.00°C. We must solve the transcendental equation 
Q =(l+aAT)sin0 = (1000005 5) sin 6 

If your calculator is designed to solve such an equation, it may find the 
zero solution. Homing in on the nonzero solution gives, to five digits, 

6 =0.018165 rad =1.040 8°. 


L,(l-cosfl) 

2 sin0 


Now, h =R-Rcos0 


This yields | h= 4.54 m] , a remarkably large value compared to 
A L = 5.50 cm. 



ANS. FIG. P19.79 
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lNSWERS to even-numbered problems 


P19.2 (a) 31.7° C; (b) 31.7 K 

P19.4 (a) -253° C; (b) -423° F 

P19.6 (a) 56.7°C and -62.1°C; (b) 330 K and 211K 

P19.8 1.20 cm 

P19.10 A r = 0.663 mm to the right at 78.2° below the horizontal 
P19.12 55.0°C 

P19.14 1.58 x 10r 3 cm 

P19.16 0.548 gal 

P19.18 Required T =-376° C is below absolute zero. 

P19.20 (a) 2.52 x 10 6 N/ m 2 ; (b) the concrete will notfracture 

P19.22 (a) 396 N; (b)-101° C; (c) The original length divides out, so the 

answers would not change 

P19.24 (a)—;(b)m 

1+pA T 

P19.26 1.20 mol 

P19.28 In each pump-up-and-discharge cycle, the volume of air inthetank 
doubles. Thus 1.00 L of water is driven out by the ai r i njected at the 
first pumping, 2.00 L by the second, and only the remaining 1.00 L by 
the third. Each person could more efficiently use his device by starting 
with the tank half full of water, instead of 80% full. 

P19.30 (a) 1.17 x 10 3 kg; (b) 11.5 rmN; (c) 1.01 kN; (d) molecules must be 

moving very fast 

P19.32 4.39 kg 

P19.34 6.64 x 10r 27 kg 

P19.36 2.42 x 10 11 mol ecu I es 

P19.38 7.13 m 



P19.42 ~ltf kg 
P19.44 m f =m { 



© 2014Cengage Learning. All Rights Reserved. M ay not be scanned, copied or duplicated, or posted to a publicly accessible website, in wholeor in part. 




Chapter 19 1041 


P19.46 35.016 m 
P19.48 2.86 atm 

P19.50 95.0°; T falls below 100°C, so steam condenses, and the expensive 

apparatus fal Is (assumi ng that the boi I i ng point does not change 
significantly with the change in pressure). 

P19.52 Ah=[p-3oc )^- 

P19.54 (a) 9 =2sin-^ 1+ ^ a|Tc j; (b) Yes; (c) Yes, 

(d)e=2 ^{2lSfeJ ;(e,6L0 ° :<f)5a6 ” 

P19.56 0.523 kg 

P19.58 (a) p = 1 ; (b) 3.66 x 10 3 K 1 ; (c) p He = 3.665x 10“ 3 K _1 , this agrees 

within 0.06% of the tabulated value; (d) p He = 3.67x lCr 3 K \ this 
agrees within 0.2% of the tabulated value 

P19.60 e =—— a ^ LiAT ; (b) I n the expressi on from part (a), 6 i s d i rectly 

A r 

proportional to AT and also to (a 2 -aj. Therefore, 6 is zero when 
either of these quantities becomes zero; (c) the bimetallic strip bends 
the other way 

P19.62 See P19.62 for the full solution. 

P19.64 (a) Particle in equilibrium model; (b) On the piston, 

= Fg* - F g - fa, = 0 : XF = PA- mg- PqA = 0; (O h = 

mg +P 0 A 

P19.66 (a) —; (b) 1.33 kg/ m 3 

RT 

P19.68 y - LyjaAT/ 2 

P19.70 (a) No torque acts on the disk so its angular momentum is constant. 

Yes: it increases. As the disk cools, its radius, and hence, its moment of 
inertia decrease. Conservation of angular momentum then requires 
that its angular speed increase; (b) 25.7 rad/ s 

P19.72 (a) 125 N; (b) -4.20 x 10 5 m 

P19.74 (a) 0.169 m; (b) 1.35 x 10? Pa 

P19.76 (a) 2.38 mm; (b) 294.4 K = 21.4° C 
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P19.78 (a) J J F X = 0; (b) With the temperature falling, the pi ate contracts faster 

than the roof. The upper part slides down and feels an upward 
frictional force p k mg[l-x)cos0. The lower part slides up and feels 
downward frictional force p k mgxcosd. Theequation J J F X = 0 isthen 
the same as i n part (a), and the stati onary I i ne i s above the bottom edge 

by xL See P19.78(c) for the full explanation; (d) 

0.275 mm; (e) The plate creeps down the roof each day by an amount 
given by the same expression (with a 2 and a k interchanged). 
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The First Law of Thermodynamics 


CHAPTER OUTLINE 


20.1 H eat and I nternal Energy 

20.2 Specifi c H eat and Cal ori metry 

20.3 Latent Heat 

20.4 Work and H eat in Thermodynamic Processes 

20.5 The Fi rst Law of Thermodynami cs 

20.6 Some Applications of the First Law of Thermodynamics 

20.7 Energy Transfer M echanisms in Thermal Processes 


|* An asterisk indicates a question or problem new tothisedition.| 


ANSWERS TO OBJECTIVE QUESTIONS 


OQ20.1 


A nswer (b). The work done on a gas 
equals the area under the process 
curve in a PV diagram. In an isobaric 
process, the pressure is constant, so P f 
=P, and the work done is the area 
under curve 1-2 in ANS. FIG. OQ20.1. 
For an isothermal process, the ideal 
gas law givesP f \/ f =P i V i , so P f = 
(V j /V f )P i =2P j and the work done is 
thearea under curve 1-3 in A NS. FIG. 
OQ20.1. For an adiabatic process, 

P f VJ = Pyj = constant (see Ch. 21), so 



ANS. FIG. OQ20.1 


P f = (V i /V f YP i and P f = 2 r P i > 2P t sincey>lfor all ideal gases. The 
work done in an adiabatic process isthearea under curve 1-4, which 
exceeds that done i n either of the other processes. 


1043 
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OQ20.2 Answer (d). The high specific heat will keeptheend in the fire from 
warming up very fast. The low conductivity will makethe handle 
end warm up only very slowly. 

OQ20.3 Answer (a). Do a few trials with water at different original 

temperatures and choose the one where room temperature is 
halfway between the original and the final temperature of the water. 
Then you can reasonably assume that the contents of the calorimeter 
gained and lost equal quantities of heat to the surroundings, for net 
transfer zero. JamesJouledid itlikethisin his basement in London. 

OQ20.4 Answer (c). Since less energy was required to produce a 5°C risein 
the temperature of the ice than was required to produce a 5°C risein 
temperature of an equal mass of water, we concludethat the specific 
heat of ice [c =QI ra(AT)] is less than that of water. 

OQ20.5 Answer (e). The required energy input is 

Q =mc{AT) =(5.00 kg)(l28 J/kg °C)(327°C - 20.0°C) 

=1.96x 10 5 J 

OQ20.6 Answer (c). With a specific heat half as large, the AT is twice as great 
in the ethyl alcohol. 

OQ20.7 Answer(d). From the relation Q = mcAT, thechange in temperature 
of a substance depends on the quantity of energy Q added to that 
substance, and its specific heat and mass: AT =Q/mc. The masses of 
the substances are not given. 

OQ20.8 Rankings (e) >(a) =(b) =(c) >(d). We think of the product mcATin 
each case, with c = lfor water and about 0.5for beryllium: (a) 1 ■ 1 ■ 6 
=6, (b) 2 ■ 1 ■ 3 =6, (c) 2 ■ 1 ■ 3 =6, (d) 2(0.5)3 =3, (e) >6becausea 
large quantity of energy input is required to melt the ice. 

OQ20.9 (i) Answer (d). (ii) Answer (d). Internal energy and temperature both 

increase by minusculeamountsdueto the work input. 

OQ20.10 Answer (b). Thetotal change in internal energy is zero. 

Qcu TQwater +QaI =0 

(100 g0.092^ j (T f - 95.0°C) 

4{200g)fl.00^j(T / -15.0°c) 

+(280 g)|a215^ jfl) - 15.0°c) =0 
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OQ20.11 

OQ20.12 

OQ20.13 

OQ20.14 


OQ20.15 


9.207} - 874°C +2007} - 3 000°C +60.2T, - 903°C =0 
269.47} =4 777°C 
7} =17.7°C 

A nswer (e). Twice the rad i us means four ti mes the surface area. 
Twice the absolute temperature makes T 4 sixteen ti mes larger in 
Stefan's I aw. The total effect i s 4 x 16 = 64. 

Answer (d). During istothermal compression, the temperature 
remains unchanged. The internal energy of an ideal gas is 
proportional to its absolute temperature. As the gas is compressed, 
positive work is done on the gas but also energy istransferred from 
the gas by heat because the total change in internal energy is zero. 
Answer (c) only. By definition, in an adiabatic process, no energy is 
transferred to or from the gas by heat. I n an expansion process, the 
gas does work on the environment. Si nee there is no energy input by 
heat, the fi rst law of thermodynamics says that the i nternal energy of 
the ideal gas must decrease, meaning the temperature will decrease. 
Also, in an adiabatic process, PV y = constant, meaning that the 
pressure must decrease as the vol ume increases. 

Answer (b) only. In an isobaric process on an ideal gas, pressure is 
constant whi Ie the gas either expands or is compressed. Si nee the 
vol ume of the gas i s changi ng, work i s done either on or by the gas. 
Also, from the ideal gas law with pressure constant, PAV = nRAT] 
thus, the gas must undergo a change i n temperature havi ng the same 
sign as the change in volume. If AV >0, then both AT and the 
change in the internal energy of the gas are positive (AIT >0). 
However, when AV >0, the work done on the gas is negative (AW < 
0 ), and the f i rst I aw of thermodynami cs says that there must be a 
positive transfer of energy by heat to the gas (Q =AU - 1/1/ >0). 

When AV <0, a similar argument shows that AU <0,1/1/ >0, and Q = 
AU - 1/1/ <0.Thus, all of the other listed choices are false statements. 
Answer (d). The temperature of the ice must be raised to the melting 
point, AT =+20.0°C, before itwill start to melt. Thetotal energy 
input required to melt the 1.00 kg of ice is 

Q =mc lce (AT)+mL f =(l.00 kg)[(2 090 J/kg °C)(20.0°C) 

+3.33x 10 5 J/ kg] =3.75x 10 s J 


The time the heating element will need to supply this quantity of 
energy is 


At 


Q _ 3.75x10 s J 
: P 1.00x10 s J/s 



=6.25 min 
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lNSWERS to conceptual questions 


CQ20.1 Rubbing a surface results in friction converting kinetic energy to 
thermal energy. Metal, being a good thermal conductor, allows 
energy to transfer swiftly out of the rubbed area to the surrounding 
areas, resulting in a swift fall in temperature. Wood, being a poor 
conductor, permits a slower rate of transfer, so the temperature of the 
rubbed area does not fal I as swiftly. 

CQ20.2 Keep them dry. The ai r pockets i n the pad conduct energy by heat, 

but only slowly. Wet pads would absorb some energy in warming up 
themselves, but the pot would still be hot and the water would 
quickly conduct a lot of energy right into you. 

CQ20.3 H eat i s a method of transferri ng energy, not energy contai ned i n an 

object. Further, a low-temperature object with large mass, or an 
object made of a material with high specific heat, can contain more 
internal energy than a higher-temperature object. 

CQ20.4 There are three properties to consider here: thermal conductivity, 
specific heat, and mass. With dry aluminum, thethermal 
conductivity of aluminum is much greater than that of (dry) skin. 
This means that the internal energy in thealuminum can more 
readily be transferred to the atmosphere than to your fingers. In 
essence, your skin acts as a thermal insulator. If thealuminum is wet, 
it can wet the outer layer of your skin to make it into a good thermal 
conductor; then more energy from the aluminum can transfer to you. 
Further, the water itself, with additional mass and with a relatively 
large specific heat compared to aluminum, can be a significant source 
of extra energy to burn you. In practical terms, when you let go of a 
hot, dry piece of al umi num foi I, the energy transfer by heat 
i mmediately ends. When you let go of a hot and wet piece of 
al umi num foi I, the hot water sticks to your ski n, conti nui ng the heat 
transfer, and resulti ng i n more energy transfer by heat to you! 

CQ20.5 I f the system i s i sol ated, no energy enters or I eaves the system by 

heat, work, or other transfer processes. Within the system energy can 
change from one form to another, but si nee energy i s conserved these 
transformations cannot affect the total amount of energy. The total 
energy is constant. 

CQ20.6 (a) Warm a pot of coffee on a hot stove. 

(b) Placean icecubeatCPC in warm water—the ice will absorb 
energy while melting, but not increase in temperature. 

(c) Let a high-pressure gas at room temperature slowly expand by 
pushing on a piston. Energy comes out of the gas by work in a 
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CQ20.7 


CQ20.8 


CQ20.9 


CQ20.10 


CQ20.11 


CQ20.12 


constant-temperature expansion as the same quantity of energy 
flows by heat i n from the surroundi ngs. 

(d) Warm your hands by rubbing them together. Heat your tepid 
coffee in a microwave oven. Energy input by work, by 
electromagnetic radiation, or by other means, can all alike 
produce a temperature i ncrease. 

(e) Davy's experi ment is an example of this process. 

(a) Yes, wrap the blanket around the ice chest. The environment is 
warmer than the ice, so the blanket prevents energy transfer by 
heat from the envi ronment to the i ce. 

(b) Explain to your little sister that her body is warmer than the 
envi ronment and requi res energy transfer by heat i nto the ai r to 
remain atafixed temperature. The blanket will prevent this 
conduction and cause her to feel warmer, not cool I ike the ice. 

Ice is a poor thermal conductor, and it has a high specific heat. The 
idea behind wetting fruit is that a coating of ice prevents the fruit 
from cooling below the freezing temperature even as the air outside 
is colder, and also to protect plants from frost. When frost melts it 
takes its heat from the fruit, and killsit. When ice melts it takes heat 
from the air, so it acts as insulation for the fruit. 

The person should add the cream immediately when the coffee is 
poured. Then the smaller temperature difference between coffee and 
envi ronment wi 11 reduce the rate of energy transfer out of the cup 
during the several minutes. 

The sunlight hitting the peaks warms the ai r i mmed i atel y arou nd 
them. This air, which is slightly warmer and less dense than the 
surrounding air, rises, as it is buoyed up by cooler air from the valley 
below. The air from the val ley flows up toward the sunny peaks, 
creati ng the morni ng breeze. 

Becausewater hasa high specific heat, it can absorb or losequitea 
bit of energy and not experience much change in temperature. The 
water would act as a means of preventing the temperature in the 
cellar from varying much so that stored goods would neither freeze 
nor become too warm. 

The steam I ocomoti ve engi ne i s one perfect exampl e of tu rni ng 
internal energy into mechanical energy. Liquid water is heated past 
the point of vaporization. Through a control led mechanical process, 
the expanding water vapor is allowed to push a piston. The 
translational kinetic energy of the piston is usually turned into 
rotati onal ki netic energy of the dri ve wheel. 
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SOLUTIONS TO END-OF-CHAPTER PROBLEMS 


Section 20.1 Heat and Internal Energy 

P20.1 (a) The energy equi valent of 540 Calories is found from 


Q= 540 



(b) Thework done lifting her weight mg up one stair of height/? is 
W 1 =mgh. Thus, the total work done in climbing N stairs is 
1 /1/ =Nmgh, and we have 0 =Nmgh, or 


2.26x 10 6 J 


tngh (55.0kg)(9.80 m/s 2 )(0.150 m) 


- |2.80x 10 4 stairs] 


(c) If only 25% of the energy from the donut goes into mechanical 
energy, we have 

N =^52 =0.25f-2-1 =0.25(2.80x 10 4 stairs) 

mgh {mgh J 

= |6.99xl0 3 stairs] 


Section 17.2 Specific Heat and Calorimetry 

P20.2 The contai ner i s thermal I y i nsu I ated, so no energy i s transferred by 

heat: 


Q =0 

and A E int =Q +W mput =0+W mput =2 mgh 

The work on the fal I i ng weights i s equal to the work done on the water 
i n the contai ner by the rotati ng bl ades. Thi s work resu Its i n an i ncrease 
in internal energy of the water: 

2 mgh = A E int = m water cAT 

at _2 mgh _2(l.50kg)(9.80m/s 2 )(3.00m)_ 88.2J 
w wata .c (0.200 kg)(4186 J/kg°C) 837 J/°C 

= | 0.105°C | 
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P20.3 


P20.4 


P20.5 


The system is thermally isolated, so 

Qwater +QaI +Q C u =0 

(0.250kg) (4186^L)(T / -20.0°C) 

+(0.400 kg) [ 900 ^_ 

+(0.100 kg) [ 387 ^L 

1046.5T f - 20 930°C +3607} - 9 360°C +38.7T, - 3 870°C =0 
1445.27} =34160°C 
T f =| 23.6°C | 

As mass m of water d rops from top to bottom of the fal I s, the 
gravitational potential energy given up (and hence, the kinetic energy 
gained) is Q =mgh. If all of this goes into raising the temperature, 

Q = mcAT, and the rise in temperature will be 

AT = _Q_ ; J#_ _ (9.80m/s 2 )(807 m) 

mC wa t ff waiter 4 186 J/kg • °C 
and the final temperature is 

7} =T ; +AT =15.0°C +1.89°C = |16.9 p Cl 



When thermal equilibrium is reached, the water and aluminum will 
have a common temperature of T f = 65.CK?. Assu mi ng that the water- 
aluminum system is thermally isolated from the environment, 

Q cold Q hot 1 


m w c w (T f - T Uw ) =-m M c M (T f - T iAi ) 
_-m M c M (T,-T iAI ) 

_-(l.85kg)(900 J/kg-°C)(65.0°C-150°C) _ 
(4186 J/kg ■ °C)(65.0°C - 25.0°C) 
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P20.6 


P20.7 


*P20.8 


P20.9 


P20.10 


Wefind its specific heat from the definition, which is contained inthe 
equation Q = mc silv€r AT for energy input by heat to produce a 
temperature change. Solving, we have 

c =-Q_ 

silver mAT 


1.23x 10 3 J 
= (0.525 kg)(10.0°C) 


= 1234J/ kg ■ °C | 


We imagine the stone energy reservoir hasa large area in contact with 
airand isalways at nearly the same temperature as the air. Its 
overnight loss of energy is described by 

p = Q = mcAT 
At At 

_PAf _ (-6000J/s)(l4h)(3600 s/h) 
m ~VAT “(850 J/kg ■ °C)(l8.0°C - 38.0°C) 

3.02x 10 8 J _ h - Q in4 , | 

(850 J/kg °C)(20.0°C) I ' 9 I 


From Q = mcAT wefind 

AT =-^_ =- - 1200} - =62.0°C 

me (0.050 0kg)(387J/kg°C) 

Thus, thefinal temperature is 25.0°C +62.0°C = |87.0°C| . 

Let us fi nd the energy transferred i n one mi nute: 

Q = [ m cup C cup +^wate C wat e r] AT ’ 

Q =[ (0.200 kg) (900 J / kg ■ °C) +(0.800 kg) (4186 J / kg ■ °C) ] 
x (-1.50°C) =-5 290 J 

If this much energy is removed from the system each mi nute, the rate 
of removal is 


p= jg = 5290J_ = ga2 , /s= | 882W | 

At 60.0 s ' -- 

WeuseQ C0 | d =-Q hot to find the equilibrium temperature: 

w A |C A , (T f - T c ) +m c c w (T f - T c ) =-m h c w [T f - T h ) 

[m M c M +m c c w )T f - ( m M c M +m c c w )T C =-m h c w T f +m h c w T h 
[m M c M +m c c w +m h c w )T f =(m M c M +m c e w )T C +m h c w T h 
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solving for the final temperature gives 

T _ +m h C w^k '! 

f m M C A\ + m c C w + m h C w 

P20.ll We assu me that the water-horseshoe system i s thermal I y i sol ated 

(i nsulated) from the envi ronment for the short ti me requi red for the 
horseshoe to cool off and the water to warm up. Then the total energy 
in put from the surroundings is zero, as expressed byO Fe +Q water =0: 

(mcAT) Fe +(mcAT) wata . =0 

m Fe c Fe (T - 600°C) +m w cjT - 25.0°C) =0 

N ote that the fi rst term i n thi s equati on i s a negati ve nu mber of jou I es, 
representing energy lost by the originally hot subsystem, and the 
second term isa positive number with the same absolute value, 
representi ng energy gai ned by heat by the cold stuff. Solving for the 
final temperature gives 

T _ m w cJ25.(TC) + m Fe c Fe (600°C) 

OTpeCpe + m w C w 

Substituting c w =4186J/ kg ■ °C and c Fe =448J/ kg ■ °C and 
suppressing units, we obtain 

(20.0)(4186)(25.0°C) +(1.50)(448)(600°C) 

(1.50)(448) + (20.0 kg)(4186) 

P20.12 (a) The work that the bit does in deforming the block, breaking chips 

off, and giving them kinetic energy is not a final destination for 
energy. All of this work turns entirely into internal energy as soon 
as the chips stop their macroscopic motion. The amount of energy 
i nput to the steel i s the work done by the bit: 

W=F Af =(3.20N)(40.0 m/s)(l5.0s)cos0.00° =1920J 

To evaluate the temperature change produced by this energy we 
i magi ne i njecti ng the same quantity of energy as heat from a 
stove. The bit, chips, and block all undergo the same temperature 
change. Any difference in temperature between one bit of steel 
and another would erase itself by causing an energy transfer by 
heat from the temporarily hotter to the colder region. 

Q =mcAT 

AT 1920 J 

me (0.267 kg)(448 J/kg - °C) 
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P20.13 


P20.14 


(b) See part (a). The same amount of work is done. |16.1°C| 


(c) 


It makes no difference whether the drill bitisdull or sharp, 
or how far i nto the block it cuts. The answers to (a) and (b) 
are the same because al I of the work done by the bit on the 
block constitutes energy being transferred into the internal 
energy of the steel. 


(a) Tofind the specific heat of the unknown sample, westartwith 
Qcoid =-Q ho t and substitute: 

[m w c w +m c c c ){r f - T c ) =-m Cu c Cu (l} - T Cu )- m unk c unk (l} - T unk ) 


where w is for water, c the calori meter, Cu the copper sample, and 
"unk" the unknown. 

[(0.250 kg)(4186 J/kg ■ °c) +(0.100 kg)(900 J/kg• °c)] 

(20.0°C-10.0°C) 

=- (0.050 0 kg)(387 J /kg ■ °C)(20.0- 80.0) °C 

- (0.070 0 kg)c unk (20.0°C - 100°C) 
1.020 4x 10 4 J =(5.60 kg ■ °c)c unk 
= |l.82xl0 3 J/kg °cj 


(b) | 

Wecannot make definite identification. It might be beryllium.] 




(c) 

The material might bean unknown alloy or a material 
not listed in the table. 



(a) Expressi ng the percentage change as f =0.60, we have 

( f){mgh) =mcAT AT =^~ 

c 

_(0.600)(9.80 m/s 2 )(50.0 m) _ 


387 J/kg 

which gives jf =25.8°C| 


=0.760°C=T-25.0°C 


(b) 


As shown above, the symbolic result from part (a) shows 
no dependence on mass. Both the change in gravitational 
potential energy and the change in internal energy of the 
system depend on the mass, so the mass cancels. 
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P20.15 (a) The gas comes to an equi librium temperature according to 

(mcAT )co| d =-(mcAT) hot 

^Mc) T f - 300 K) +n 2 Mc(T f - 450 K) =0 


The molar mass M and specific heat divide out, and we can 
expressn in terms of P, V, and T, using PV =nRT: 

-T,) +^,ML(t, -T 2 ) =0 

A T/ _w Ti+ d Tf -w T2 =o 

T ± f T ± T 2 f T 2 


T f f — +— 1 =P 1 V 1 +P 2 V 2 
r { . Ti r 2 J 1 1 2 2 


P 1 V 1 +P 2 V .2 _ (175 atm)(l6.8L) +(2.25 atm)(22.4l_) 
7 ffiVi f (1-75 atm)(16.8 L) \%75 atm )(U4lJ 

IV 300 K 450 kV 

= [380l<1 

(b) Thepressureof the whole sample in its final stateis 



r J p y 1 +P 2 V 2 W(L75 atm)(l6.8 L)+(2.25 atm)(22.4 L) 
7 l V 1 +V 2 J l 16.8 L+22.4 L 


= | 2.04 atm | 


Section 20.3 Latent Heat 

*P20.16 Tofind the amount of steam to becondensed, webegin with 

Qcold — — Qhot 

With the steam at 100°C, this becomes 

[m w c w +m c c c ){j f - T i ) =-m s [_-L v +c w [p f -100)] 
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Substituting numerical values, 

[ (0.250 kg) (4186 J / kg • °C) +(0.050 0 kg) (387 J / kg ■ °C) ] 

(50.0°C- 20.0°C) 

=-m s [-2.26x ltf J/kg +(4186 J/kg • °C)(50.0°C - 100°C)] 
Solving for the mass of steam gives 

m -= 2.S°i/ J k g =ft0129kg H 12 - 9 g^ m l 

*20.17 Weassumethatall work done against friction is used to melt the snow. 
Equation 8.2 for conservation of energy then gives 

^skier = Qsnow 

or f-d = m snow L f 

where f =\i k n =F k (m ski& g) 

Substituting and solving for the distance gives 

m sn OW L f _(l.00kg)(3.33xl0 5 J/kg) 
d '«(%.«) “0.200(75.0 kg)(9.80 m/ s 2 ) 

=2.27 x10 s m = | 2.27 km| 

P20.18 The energy input needed is the sum of the foil owing terms: 

Qneeded =(energy to reach melting point) +(energy to melt) 

+(energy to reach boi I i ng poi nt) 

+(energy to vaporize) 

+(energy to reach 110°c) 

Thus, we have 

=(0.0400 kg)[(2090 j/kg-°C)(10.0°C) 

-f(3.33x10 s J/kg)+(4186 J/kg °C)(100°C) 

-f(2.26x 10 s J/kg)+(2010 J/kg“C)(10.0°C)] 

P20.19 Remember that energy must besupplied to melt the ice before its 
temperature will begin to rise. Then, assuming a thermally isolated 
system, 0 cold =-Q hot , or 

eL f +m ice c water (T f - 0°c) =-m w c^ & (r f - 25°c) 
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P20.20 


P20.21 


and 

T _ m w c wat& (25° C) - m ice L f 

f (™,ce +m u- water 

_(825 ^)(4186J/kg °c)(25°C)-(75 /)(3.33xl0 5 J/kg) 
” (75 ^ +825 ^)(4186J/kg °c) 

yielding \T f = 16.3°C| 

Thebulletwill not melt all theice, so its final temperature is 0°C. 

Then, conservation of energy gives 

i^mv 2 +mc\AT\\ =m w L f 

/bullet 


wherem w isthe mass of melted ice. Solving for m w gives, 


m w 


m w 


3.00x 1(T 3 kg ■] 
3.33x 10 5 J/kg y 


x[(0.500)(240 m/s) 2 +(l28 J/kg-°C)(30.0°C)] 


86.4 J +11.5 J 
333000 J/kg 


=| 0.294 g | 


(a) With 10.0 g of steam added to 50.0 g of ice, we first compute the 
energy required to melt all the ice: 

Q x =(energy to melt all the ice) 

=(50.0xl0r 3 kg)(3.33x 10 5 J/kg) =1.67x 10 4 J 


AI so, the energy requ i red to rai se the temperatu re of the melted 
ice to 100°C is 

Q 2 =(energy to raise temp of ice to 100°c) 

=(50.0xl0“ 3 kg)(4186 J/kg-°C)(100°C) =2.09x 10 4 J 


Thus, the total energy to melt all of theice and raiseits 
temperatu re to 100°C is 

Q 1 +Q 2 =1.67x 10 4 J +2.09x 10 4 J =3.76x 10 4 J 
The energy avai I able from the condensation of 10.0 g of steam is 
Qa =( energy avai I able as steam condenses) 

=(l0.0x 10r 3 kg)(2.26x 10^ J/kg) =2.26x 10 4 J 
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Thus, weseethat Q 3 >Q lr but(? 3 <Q 1 +Q 2 , which means that all 
oftheicewill melt, | Am ice = 50.0gj , but the final temperature of 
the mixture wi 11 be T f < lOCPC. To fi nd the fi nal temperatu re T f , we 

useQ rold =-Q hot , or 

ra iCfi L/ +m lce c w AT lce =-m steam L t! - rn stegm c a ,AT steam 

Substituting numerical values, 

(50.0x10 3 kg)(3.33xl0 5 J/kg) 

+(50.0xl(T 3 kg)(4186 J/kg °C-0°C) 

=-(l0.0xl(T 3 kg)(-2.26x lCf J/kg) 

-(lO.OxHT 3 kg)(4186 J/kg - 100°C) 
From which we obtain 
\T f =40.4°C | 

(b) Si nee the mass of steam is much smaller than in part (a), we know 
that the condensation of steam wi 11 not be sufficient to melt al I of 
the ice and raise its temperatu re to 100°C. We do need to 
determine whether the condensation of steam can supply 
sufficient energy to melt al I of the ice. Recal I from part (a) that 

Q 3 =( energy to melt all the ice) =1.67x 10 4 J 
The energy given up as the 1.00 g of steam condenses is 

| energy given up 1 (l0 « kg)(z26xl0i J/kg) 

[as steam condenses] v a/v J/ a/ 

=2.26x 10 3 J 

Also, 

energy given up as condensed! 

^ 3 { steam cools to 0°C J 
=( 10r 3 kg)(4186 J /kg ■ °C)(100°C) =419 J 

si nce IQ2 + Q3 < 07| - therefore al I of the steam will cool to 0°C, 
and [T} = 0°C| with some ice remaining. Let us now find the mass 

of ice which must melt to condense the steam and cool the 
condensate to 0°C. Again from Q C0 | d =-Q hot - 

m ia L f =Q 2 +Q 3 =2.68x 10 3 J 
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Thus, 

m ice 


2.68x 10 3 J 
3.33x10 5 J/kg 


8.04x 1CT 3 kg = |8.04g oficemdts| 


Therefore, there is 42.0 g of ice left over, also at CPC. 

P20.22 The boiling point of nitrogen is 77.3 K. Using units of joules, we have 

Q =™ Cu c Cu AT =m Hi (L vap )^ 


P20.23 


P20.24 


Substituting numerical values, 

(l.00kg)(387 J/kg- °c)( 293-77.3) °C =m(Z01xltf J/kg) 
m = | 0.415 kg | 

(a) Si nee the heat requ i red to melt 250 g of i ce at 0°C exceeds the heat 
required to cool 600 g of water from 18°C to 0°C, thefinal 
temperatu re of the system (water + ice) must be | 0°C | . 

(b) Letm represent the mass of ice that melts before the system 
reaches equ i I i bri u m at 0°C. 

Qcold Qhot 

mL f =-m w c w (0°C - T { ) 

m[ 3.33xl0 5 J/kg) =-(0.600 kg)(4186 J/kg-°c) 

(0°C- 18.0°C) 

m =136 g, so the ice remaining =250g- 136g = | 114 g | 


(a) 


Letn represent the number of stops. Follow the energy: 

nK =mcAT 


n ^(1 500 kg)(25.0 m/ s) 2 


n =- 


=(6.00 kg)(900J/ kg ■ °C)(660°C - 20.0°C) 
3.46x10 s J 
4.69 x10 s J 


Thus \7\ stops can happen before melting begins. 
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(b) 


As the car stops it transforms part of its kinetic energy into 
internal energy due to air resistance. As soon as the brakes 
rise above the air temperature they transfer energy by heat 
into the air, and transfer it very fast if they attain a high 
temperature. 


Section 20.4 Work and Heat in Thermodynamic Processes 

P20.25 For constant pressure, W = - PdV = -PAV = -P(V f - V. ). Rather than 

evaluating the pressure numerically from atmospheric pressure plus 
the pressure due to the weight of the piston, we can just use the ideal 
gas I aw to write i n the vol umes, obtai ni ng 

f nRT, nRT ^ / \ 

w=-p [V - ^J = ' nR ( T ‘ -T ‘) 

Therefore, 

W =-nRAT =-(0.200 mol )(8.314J/ mol ■ K)(280 K) =|-466J| 

/ / 

P20.26 W =- J PdV =-P J dV =-PAV =-nRAT = | -nR(T 2 -Tj] 

The negative si gn for work on the sampl e i ndi cates that the expand i ng 
gasc/oes positive work. The quantity of work isdirectly proportional to 
the quantity of gas and to the temperature change. 

P20.27 During the warming process p = ^jy. 

/ 3^ / \ 

(a) W = -jPdV = -\\^\vdV 

w ^(CtL.' =-|r(^ 2 - y . 2 )=EM] 

(b) PV =nRT gives 
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It is proportional to the square of the volume, according to 
T = {P i /nRV i )V 2 . 

P20.28 (a) W = - J PdV 

W =-(6.00x 10 6 Pa)(2.00 m 3 -1.00 m 3 ) + 

-(4.00xl0 6 Pa)(3.00 m 3 -2.00 m 3 )+ 

-( 2 .OOXIO 6 Pa)(4.00 m 3 - 3.00 m 3 ) 

W^ f = | -12.0 MJ | 

(b) W^, = | +12.0 MJ | 

P(Pa) 

6xl0 6 

4x10 6 
2xl0 6 


0 1 2 3 4 

ANS. FIG. P20.28 

P20.29 The work done on the gas is the negative of 

the area under the curve P =aV 2 , from V, to 
V f . The work on the gas is negative, to mean 
that the expanding gas does positive work. We 
will find its amount by doing the integral 
/ 

W = - J PdV 

f -1 . . 

W =-jaV 2 dV =--a(y/-t/ 3 ) 

V f =2V t =2(l.00 m 3 ) =2.00 m 3 

W =-^[(5.00 atm/m 6 )( 1.013x 10 5 Pa/atm)] 

x [(2.00 m 3 ) 3 -(l.00m 3 ) 3 ] 

= Pl.l8MJ | 



0 1.00 m 3 2.00 m 3 

ANS. FIG. P20.29 
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Section 20.5 The First Law of Thermodynamics 

P20.30 (a) Refer to AN S. FIG. P20.30. From the first law, for a cyclic process, 

Q =-1/1/ =Area of triangle, so 

q =1(4.00 m 3 )(6.00 kPa) 

= [l2.0kj | 

(b) Q = -W = I -12.0 k) I 


P(kPa) 



P20.31 Refer to ANS. FIG. P20.30. We tabu I ate the signs for Q, I/I/, and AE int 
below: 


Q W A£ int 


BC - 0 

(q =AE int sinceW BC =0) 


CA - + 

(AE int < 0 and W > 0, so Q 

<0) 

AB + - 

+ (W < 0, AE in 

t > 0sinceAE inl 

t<0 


forB^C^ 

► A; soQ> 0) 



P20.32 F rom the f i rst I aw of thermody nami cs, 

A E int =Q+W =10.0J +12.0 J = +22.0 J 

The change in internal energy is a positive number, which would be 
consistent with an increase in temperature of the gas, but the problem 
statement i nd i cates a decrease i n temperatu re. 
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P20.33 From the first law of thermodynamics, AE int =Q +W, so 
Q = AJE int - W = -500 J - 220J = | -720J | 

The negative sign indicates that positive energy istransferred from the 
system by heat. 

P20.34 Becausethe gas goes through a cycle, theoverall change in internal 
energy must be zero: 



Recognizethat AE jnt =0for the isothermal process CD and substitute 
from the fi rst law for the other i nternal energy changes: 


c 



0.090 0.20 0.40 1.2 


ANS. FIG. P20.34 


A^int ,AB = ~[QbC + W bc ) ~ ( QdA W da ) 

= -(QbC “ Pb^bc) - (QdA - Pd^Vda) 

= -(Qbc +Qda) "*"(e b A V bc +p d av da ) 

=-(345 kj - 371 kj) 

+ [(3.00atm)(0.310 m 3 ) +(l.00atm)(-1.00 m 3 )] 



=|4.29xl0 4 j| 
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Section 20.6 Some Applications of the 

First Law of Thermodynamics 

P20.35 (a) Rearranging PV =nRT weget V = 

The initial volume is 

J2.00 mol)(8.314J/ mol ■ K)(300 K) f _lPa_"| 3 

' (0.400 atm)( 1.013 x 10 5 Pa/ atm) [ N/m 2 ) 

For isothermal compression, PV is constant, so P,V, =P f V f and the 
final volume is 

=(0.123 m 3 (^^^)=jg g410m 3 | 

(b) W =-\PdV =-nRT Inj^j =-(4.99x 10 3 j)ln^|j = | 45.48kj | 

(c) The ideal gas keeps constant temperature so AE int =0 =Q +W 
and the heat is Q = | -5.48 kj | . 

P20.36 (a) We choose as a system the H 2 0 molecules that all participate in 

the phase change. For a constant-pressure process, 

W =-PAV =-p(V s -V w ) 

where V s is the volume of the steam and is the volume of the 
liquid water. We can find them respectively from 

PV S = nRT and V w = rrip = nMfp. 


Calculating each work term, 

PV S = ( 1.00 mol8.314 K . J mol ](373 K) = 3 101J 

PV, -d.00 molioaoiy mol){ ^g ) = 182 j 

Thus the work done is 

W =-3101J +1.82J | ^3.10 
(b) The energy input by heat is 

Q =L v Am =(l8.0 g)(2.26x 10 6 J/ kg) =40.7 kj 
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P20.37 


P20.38 


P20.39 


so the change i n internal energy is 

AE int =Q +W =40.7 kj - 3.10 kj =| 37.6 kj | 

(a) We use the energy versi on of the noni sol ated system model. 

AE int =Q +W 

where W = -PAV for a constant-pressure process so that 

AE int =Q - PAV 

=12.5 kj - 2.50 kPa(3.00 m 3 -1.00 m 3 ) = | 7.50 kj | 

(b) Si nee pressure and quantity of gas are constant, we have from the 
equation of state 

Ti r 2 


!= t ri= O (300K)= ™ 


(a) w = -nRT\n\ T ^\ = -P f V f \n\ T ^ 


V { 

Suppressing units, 
v; = IE exp 


=( 0.025 0)exp 


-3000 

0.025 0( 1.013xl0 5 ) 


= 0.00765 m 3 


P f V f 1.013 x10 s Pa 0.0250 m 3 —. 

b T m - 7 -1-/ = 305 K 

f nR 1.00 mol(8.314 J/K -mol) 1 - 1 

(a) W=-PAV =-P[3ccVAT] 

=-( 1.013x10 s N/m 2 ) 


<[3(240xl^C- 1 )( 270x 1 l “ k 9 g/m3 )(18.0X)] 


W = -0.048 6J 


(b) Q =cmAT =(900 J/kg • °c)(l.00 kg)(l8.0°C) =| 16.2 kj | 


(c) AE int =Q +W =16.2 kj - 48.6 mj = 16.2 kj 
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P20.40 From conservation of energy, A E itt§ABC = AE int /lc . 

(a) Fromthefirst law of thermodynamics, we have 

AEint, ABC =QabC +W ABC 

Then, 

QaBC = AEjnt, ABC ABC =800 J +500J = | 1300 j | 

(b) W CD = -P c AV cd , AV^ = —AV cd , and P A = 5 P c 

Then, W CD = ±P a AV a , = -|w,„ = 100J | . 

(+means that work is done on the system) 

(c) W CDA =W CD so that 

QcM=4E lnlcA -VV CM = -800J-100J = I 900J I 
(- means that energy must be removed from the system by heat) 

(d) AE lnlCD = A E ncDA - AE intM = -800J - 500J = -1300 J 

and Q CD = AE| ntcD -W CD = -1300J-100J = | -1400J | . 


c 

- V 

ANS. FIG. P20.40 



P20.41 (a) The work done during each step of the cycle equals the negative 

of the area u nder that segment of the P V curve. 

W =w AB +W BC +W CD +W DA 

W =0- 3 P t (3V t - ^) +0- P ; (v { - 3V t ) +0 
W =-4 py { =-4nRT t 

W =-4(1.00 mol) (8.314 J/mol ■ k)( 273 K) = | 9.08 kj | 
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(b) The initial and final values of T for the system are equal. 
Therefore, AE int = 0 and Q = -W = | 9.08 k) | . 

p 

e_ c. 


D 

v .— V(L) 

ANS. FIG. P20.41 

P20.42 (a) The work done during each step of the cycle equals the negative 

of the area under that segment of the PV curve shown in ANS. 
FIG. P20.41. 

w=w AB +w BC +w CD +w DA 
w =0- 3 p t (3v;. - ) +o- p t (v t - 3v t ) +o = | -4 py i \ 

(b) The initial and final values of T for the system are equal. 
Therefore, AE int = 0 and Q = -W = I 4 P l V i I. 


3 ^ 




Section 20.7 Energy Transfer Mechanisms in Thermal Processes 

P20.43 (a) The rate of energy transfer by conduction through a material of 

area A, thickness L, with thermal conductivity k, and 
temperatures T h >T C on opposite sides is P =kA ( T h - T c )/L. For 
the given window pane, this is 

P =(0.8 W/m- - C)[(L0 m)(2.0 

= [&45x 10 3 W | 

(b) Thetotal energy lost per day is 

E =P■ At =(6.45x 10 3 J/s)(8.64x 10^ s) =^57xltfj] 
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P20.44 


P20.45 


P20.46 


P20.47 


P20.48 


The thermal conductivity of concrete is k =1.3J/ s ■ m ■ ^C, so the 
energy transfer rate through the slab is 


P=kA 


(T h -T c ) 


L 

= | 667 W 


=(o.8 W/m- °c)(5.00 m 2 ) 


(20°C) 

12.Ox 1(T 2 m 


The net rate of energy transfer from hisskin is 
P ni =aAe(T*~ r 0 4 ) 

=(5.67xl(T 8 W/m 2 ■ K 4 )(1.50 m 2 ) 

x (0.900)[(308 K ) 4 - (293 K ) 4 ] =125 W 


N ote that the temperatures must be i n kel vi ns. The energy I oss i n ten 
minutes is 


T m =P„At =(125 J/s)(600s) = | 748 kj | 


In the infrared, the person shines brighter than a hundred-watt light 
bulb. 


We find the power output of the Sun from Equation 20.19, Stefan's 
law: 


P =(j AeT 4 

=(5.6696x HT 8 W/m 2 -K 4 )[%(6.96x 10 8 m) 2 ] 

x(0.986)(5800K) 4 

= | 3.85 x 10 26 W~| 

From Stefan's law, 

P = a AeT 4 

2.00 W =(5.67x 1(T 8 W/m 2 • K 4 )(o.250x 1(T 6 m 2 )(0.950)r 4 
T =(l.49x 10 14 K 4 ) V4 = | 3.49x 10 3 K~| 

We suppose the Earth below is an insulator. The square meter must 
radiate in the infrared as much energy as it absorbs, p = a AeT 4 . 
Assumingthate = 1.00for blackbody blacktop: 

1000W =(5.67xl0r 8 W/m 2 • K 4 )(l.00 m 2 )(l.00)r 4 
T =(l.76x 10 10 K 4 ) V4 = | 364 K | (You can cook an egg on it.) 
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P20.49 


*P20.50 


*P20.51 


*P20.52 


(a) Because the bulb is evacuated, thefilament loses energy by 
radiation but not by convection; we ignore energy loss by 
conduction. We convert the temperatures given in Celsiusto 
Kelvin, with T h =2100°C =2 373 K and T c = 2 000°C =2 273K. 
Then, from Stefan's law, the power ratio is 

eoAT*/ eoA T 4 =(2 373/ 2 273) 4 = [Ii9| 

(b) The radiating area is the lateral surface area of the cylindrical 
filament, 2nrl. Now we want 

eo2nr h (T* = eo2 nr c £T c A 


so rj r h = [Xl9l 


We use Equation 20.16for the rate of energy transfer by conduction: 

=( °-210 W /m”C)(l.40m^)(^|^C) 
=35.3 W =(35.3J/s)f^ l r 'l(^^)=| 30.3 kcal/h 


Si nee this is much I ess than 240 kcal/ h, blood flow is essential to cool 
the body. 

When the temperature of thejunction stabilizes, the energy transfer 
rate must be the same for each of the rods, orP Cu =P AI . The cross- 
sectional areas of the rods are equal, and if the temperature of the 
junction is 50.0°C, the temperature difference is AT =50.0°C for each 
rod. Thus, 



= P A , 


which gives 


fk M \ _( 238 W/ m°C 
= U Cu J Cu 1 397 W/ m ■ °C 


| (15.0 cm) = [9.00 cm | 


From P = kA — , wehave 
L 

PL _(10.0W)(0.0400m) 
AAT (l.20 m 2 )(15.0°C) 


2.22 xl(T 2 W/m °C 
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P20.53 


P20.54 


P20.55 


(a) TheR-valueof the window isthesumof the R -values for the two 
0.125-in window panes, which Table 20.4 lists as 0.890, plusthe 
I ayer of ai r i n betw een. Si nee the T abl e 20.41 i sts the R -value for an 
ai r space of 3.50 i n, the total R -val ue becomes 


1 0.890+| 

f 0.250 
l 3.50 J 

: 1 s, ^ 

!o Fh 

Btu 


1.01+0.890 


ft 2 °F h^| 

Btu J 


(b) Since-4 and (T 2 - TJ are constants, heat flow is reduced by a 

factor of -^ = 1 2.08 I. 

0.890 1 - 1 


(a) 


Intensity is defined as power per area perpendicular to 
the d i recti on of energy fl ow. The d i recti on of su nl i ght i s 
along the line from the Sun to the object. The perpendicular 
area is the projected flat circular area enclosed by the 
terminator —the line that separates day from night on the 
object. The object radiates infrared light outward in all 
directions. The area perpendicular to this energy flow 
is its spherical surface area. 


(b) The sphere of radius R absorbs sunlight over area nR 2 . It radiates 
over area 4^: R 2 . Then, in steady state, 

=^out 

e(l370 \N/m 2 )jrR 2 =eo[^n R 2 )t 4 


Theemissivity e, the radius R, and 7 r all cancel. Therefore, 

-|V4 

l -I/O \A//m^ 

T = - 


1370 W/m 2 
4(5.67xl0r 8 W/m 2 ■ K 4 


= 279 K =6°C 


| It is chilly, well below temperatures we find comfortable.| 


Call the gold bar Object 1 and the silver bar Object 2. Each is a 
nonisolated system in steady state. When energy transfer by heat 
reaches a steady state, the flow rate through each will be the same, so 
that the junction can stay at constant temperature thereafter, with as 
much heat coming in through the gold as goes out through the silver. 


Pi 


= P 2 


or 


k 1 A 1 AT-l _ k 2 A 2 AT 2 
Li L 2 
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P20.56 


I n this case, L 1 =L 2 and A r =A 2 , so k 3 AT X = k 2 AT 2 . 

LetT 3 be the temperature at thejuncti on; then 
M80.0°C - T 3 ) =k 2 (T 3 - 30.0°C) 

Rearranging, we find 

_ (80.0°C)fc 1 + (30.0°C)fc 2 

3 K +K 

_ _ (80.0°C)(314 W/ m - °C) +(30.0°C)(427 W/ m- °C) 
314W/ m ■ °C +427 W/ m-°C 

=ra 


(a) 


The heat leaving theboxduring theday isgiven by 


P=kA 


(Th-T,)_Q 

L At 


0.012 (0-490 m 2 


=7.90x 10 4 J 
The heat lost at night is 


0.012 0^j( 0.490 m 2 


=1.19x 10 5 J 


- 23.0°C \ 
50m J 


/__ 3 600 s 

<(12h) l^h 


37.0°C - 16.0°C 


/-_ 3 600 s 


The total heat is 1.19 x 10 5 ] +7.90x 10fj =1.98 x lO 5 ]. It must be 
supplied by the solidifying wax: Q =mL 


Q_ 1.98x10 s J 
L ~ 205x10 s J/kg 


| 0.964 kg or more | 


(b) 


The test samples and the inner surface of the insulation can be 
prewarmed to 37.0°C as the box is assembled. Then nothi ng 
changes in temperature during the test period and the masses 
of the test samples and insulation make no difference. 
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P20.57 (a) Supposethe pizza is 60cm in diameter and ^ = 2.0 cm thick, 

sizzling at 100°C. It cannot transfer energy by conduction or 
convection. It radiates according toP = o AeT 4 . Here, A is its 
surface area, given by 

A =2nr 2 +2 nrl =2tt( 0.30 m) 2 +2^(030 m)(0.02 m) 

=0.60 m 2 

Suppose it is dark in the infrared, with emissivity about 0.8. Then 
P =(5.67x 1(T 8 W/m 2 • K 4 )(0.60 m 2 )(0.80)(373 K) 4 
=530 W | -IQ 3 w | 

(b) If the density of the pizza is half that of water, its mass is 

m =pV =pnr 2 i =(500 kg/m 3 );r(0.30 m) 2 (0.02 m) =2.8 kg 


There's a I ot of water i n the cheese, but a I ot of ai r i n the crust, so 
we estimate a specific heat for the pizza between that of water 
and that of air. Suppose its specific heat is c =3 000 J/kg ■ °C. The 
drop i n temperature of the pizza is descri bed by 


T er =mc[T f -T i ) 


dT FR 


cTT. 


dt 


0 


— =m 
dt 

_L = P_ = 530 J/s 

dt me (2.8 kg)(3000J/kg°C) 


dT f 


=0.063 °C/s -HT 1 K/s 


Additional Problems 

*P20.58 (a) Along thedirect path IF (ANS. FIG. P20.58), the work done on the 

gas is the negative of the area under the curve, or 


W =-[(1.00 atm)(4.00 L - 2.00 L) 

+^(4.00 atm -1.00 atm)(4.00 L- 2.001_)] 


=(-5.00atm L) 


f 1.013x 10 5 Pa"| 

flOr 3 m 3 ^ 

[ 1 atm J 

l 1L J 


=-507 J 
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Thus, 

A U =Q +W =418 J - 507 J =|-88.5J| 

(b) Along path IAF, the work done on the gas is 

W =-(4.00 atm)(4.00 L- 2.00 
=-810J 

From the first law, 

Q —AU - W =-88.5 J - (-810J ff|||§g 



ANS. FIG. P20.58 
*P20.59 The constant pressure is 

P =(1.50 atm)( L01 f Xl05Pa l =1.52x 10 5 Pa 
1, 1 atm J 

and the work done on the gas is W =-P[AV ). 

(a) H ere, Ay = 4.00 m 3 and 

W =-P{AV) =-(l.52x 10 5 Pa)(4.00 m 3 ) = |-6.08x 10 5 j] 

(b) In this case, Ay =-3.00 m 3 , so 

W =-P(AV) =-(l.52x 10 5 Pa)(-3.00 m 3 ) = |4.56xltf j| 
P20.60 The mass of nitrogen vaporized in a 4.00 h period is 

_ Q _P-(A») _(25.0 J/s)(4.00h)(3600 Sj/h) 

-2.01 x 10 5 J/kg- 

P20.61 (a) Before conduction has time to become important, the energy lost 

by the rod equals the energy gained by the helium. Therefore, 

(mL v ) He =(mc\AT\) M 

or ( P VLj H '=(pVc\AT\) u , 
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„ „ {pVc|AT|) AI 

He (p4)„. 

_(2 700 kg/m 3 )(6.25x l(r s m 3 ) 

_ (125 kg/m 3 )(2.09x 10 4 J/kg) 

x[(900J/kg »C)(295.8K)(T0] 

Vh. =( 1.72x 1CT 2 = | 17-2 liters | 

(b) The rate at which energy is supplied to the rod in order to 
mai ntai n constant temperatures is given by 

P =k a[—) =(3 100 W/ m- K)(2.50x 1 (T 4 m 2 )f 295-8 K 1 
ydx) ' \ 0.250 mj 

=917 W 

This power supplied to the helium will produce a "boil-off” rate 
of 


P 917 W oc , -,^4 3/ 

- =7-:-r-r-7-r-r =3.51 X HI 171 /S 

pL v (125 kg/m 3 )(2.09x 10 4 J/kg) 

= | 0.351 L/s | 

P20.62 (a) Isolated system (momentum). Thecollision is a perfectly inelastic 

collision, where momentum is conserved, but kinetic energy is 
not (it is transformed into internal energy). 

(b) M omentum is conserved; thus: 


m 1 v 1 +m 2 v 2 =(m 1 +m 2 )v —> v 


m 1 v 1 +m 2 v 2 
m 1 +m 2 


Substituting in numerically (positiveto the right): 
f _ miVi+m 2 v 2 
m 1 +m 2 

_(l2.0 g)(+300 nrV s) +(8.00 g)(-400 m/ s) 
12.0 g +8.00 g 

=+20.0 m/s 


The final velocity is 120.0 m/ s to the right | . 
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(c) The initial kinetic energy is 

1 1 

K i =2 m i u i + 2 m i u i 

K t =^(l2.0x lOr 3 kg)(300.0 m/ s) 2 

+^(8.00x 10r 3 kg)(-400.0 m/ s) 2 =1180J 
The final kinetic energy is: 

K f =^(«i +w 2 )u 2 

K f =|(l2.0x 1(T 3 kg +8.00x 1(T 3 kg)(20.0 m/ s) 2 =4.00J 
The amount of kinetic energy transformed into internal energy is 
\AK\ = \K f -Ki\ = 14.00J - 1180J| = |-1176 J| = |l.l8xl0 3 j| 

(d) | No, . If this amount of heat is added to the mass of the bullets, the 
following amount will be needed to heat the bullets to their 
melting temperature: 

Q =mcAT 

=(20.0x 1CT 3 kg)(l28J/ kg■ °C)(327.3°C- 30.0°C) 

=761J 

At the beginning of the process, 1176 joules are generated by the 
collision; therefore, the bullets will be heated to the melting point, 
with heat still avail able to start the melting process: 

1176 J - 761J = 415 J 

Therefore, 415 J are avai I able to melt the bul lets. The amount of 
heat needed to melt all of the combi ned mass of the two bullets is: 

Q =mL =(20.0x 1 (T 3 kg)(2.45x 10 4 J/ kg) =490J 

There are only 415 J available; sothelead does not entirely melt 
dueto the collision. 

(e) Because there is not enough energy avai I able to melt all the mass 
of the bul lets, the final temperature is the melting point of lead, 

1327.3°C] . 
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P20.63 


P20.64 


P20.65 


(f) The total mass of the melted I ead i s: 

_Q _ 415 J 


Q =mL- 


v =0.016 94 kg =16.9 g 


L (2.45x 10 4 J/ kg)" 
leaving behind 20.0g- 16.9g =3.10 g of unmelted solid lead: 
|3.10g of solid lead and 16.9gof liquid lead) 

Q =mcAT =[pV)cAT so that when a constant temperature difference 
AT ismaintained,the rateof adding energy to theliquid is 

P = ^ = p^QcAT = pRcAT and thespecificheatoftheliquid is 


pRAT 


200 W ( 

900 kg/m 3 (2.00 L/ min) 

^ 1 min > 
l 60S , 

(3.50°C) 1 


fi¬ 
ller 3 m 


= 1.90x 10 3 


kg°C 


Q =mcAT =[pV)cAT so that when a constant temperature difference 
AT ismaintained,the rateof adding energy to theliquid is 

P = ^ = pj^^jcAT = pRcAT and thespecificheatoftheliquid is 

J P 

C_ pRAT 

The d i sk i s i sol ated, so angu I ar momentu m i s conserved by the d i sk 
system. The initial moment of inertia of the disk is 

^MR 2 =^pVR 2 =^p[nR 2 t)R 2 

=^(8920 kg/m 3 )n (28m) 4 1.2 m 
=1.033 x 10 10 kg ■ m 2 

The rotation speeds up as the disk cools off, according to 


/,&>, =I f oo f 

^MR 2 oj 1 =^MRjco f =^MR 2 (l-a|AT|) 2 © / 
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P20.66 


' ; (1-«|AT|) 2 

=(25 rad/s)- 


[l-(l7xl0r 6 (“Cj-^SBOT)] 2 
=25.720 7 rad/s 

(a) The ki netic energy i ncreases by 

^ IjCof =^(l l oj l )(o f - ^ IjCof /,&>, (o) f - co i ) 

=^[ 1.033 x 10 10 kg - m 2 (25 rad/s)] 

x (0.720 7 rad/s) 


9.31x 10 10 J 


(b) A£ int =mcAT =2.64x 10 7 kg(387 J/kg• °C)(20°C - 850°C) 
=1 -8.47 x 10 12 J I 


(c) Solve the appropriate reduction of Equation 8.2 for the energy 
radiated by the disk: 

A K +AE int =T ER 

T er =AK + AE int = 9.31 x 10 10 J - 8.47 x 10 n \ 

= | -8.38 x ltf 2 ]] 


(a) 


First, energy must be removed from the liquid water to cool it 
toOaC.N ext, energy must be removed from the water at 0^ to 
freeze it, which correspondsto a liquid-to-solid phase transition. 
Finally, once all thewater has frozen, additional energy must 
be removed from the ice to cool it from CPC to - 8.00 Q C. 


(b) The total energy that must be removed i s 

Q Qcnol water "HQfreeze "HQcool ice 
| to o°c || ato°c | | to-aoo°c| 

=m w c w |0°C - T\ +m w L f +m w c ice \T f - 0°C| 
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*P20.67 


*P20.68 


Q =(75.0x 1(T 3 kg)[(4186J/ kg °C)|-20.0°C| 

+3.33x 10 5 J/kg +(2090 J/ kg-°C)|-8.00°C|] 
=3.25x 10 4 J = | 32.5 kj | 

(a) Theenergy thus far gained by the copper equals the energy lost 
by the silver. Your down parka is an excellent insulator. 

Qcold — — Qhot 

or m Cu c Cu (T f - T ; ) cu =-m Ag c Ag (T f - T l ) Ag : 

(9.00 g)(387 J/kg °C)(16.0°C) =-(14.0 g)(234 J/kg-°C) 

x(l>- 30.0°c) Ag 

(t ; - 30.0°c) Ag =-17.0°C 
so T,. An = | 13.0°C | . 

(b) Differentiating theenergy gain-and-lossequation gives 

m ^.(§) =-^(§L 


(-) = 

. m Cu C Cu[ dT 

' dt 1 Ag 

m Ag c Ag c 


(9.00g)(387 j/kg °C), , 

(l4.0g)(234j/kg.”C) ( ^ 500 C/S) 


if), 


(negativesign =# decreasing temperature) 

(a) The chemical energy i nput becomes partly work output and 
partly internal energy. Theenergy flow each second is described 
by 

lh 

=i4uu Kcai/n m --ii- 

A t 

=465 W 


400 


kcal/h =60j/s+'+ =(400 kcal/h)(^i)( 


lkcal M 3 600 s/ 


At 


L =465 W - 60 W =405 J/s 


( 405J/s ^ 

(3 600s) 

t2.26xltf J/kg J 

1 lh 


0.645 kg/h 
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(b) Therateof fat burning is ideally 400 kc ^/ h = 0.044 4 kg/h. The 
9 kcal/ 9 

0.0444kg/ h of water produced by metabolism is this fraction of 

the water needed for cool i ng: 0-0444 kg ( h = 10.068 9| = 6.89%. 

y 0.645 kg/h 1 - 1 

Moral: drink plenty of water whileyou exercise. 

*P20.69 (a) The rate of energy conversion is given by 

Fv =(50.0 N )(40.0 m/s) = | 2 000W | 


(b) Energy received by each object is (1000 W)(10s) = 10*J 

=2 389 cal. The specific heat of iron is 0.107 cal/g ■ °C, so the heat 
capacity of each object is 5.00x 10 3 x 0.107 =535.0 cal/°C. 


_—2389cal— 
535.0 cal/°C 


4.47°C | 


*P20.70 We find the quantity of water vapor in one exhaled breath. 

PV = nRT\ 

_PV _(3.20xl0 3 N/m 2 )(0.600x 1CT 3 m 3 ) 
n ~RT (8.314 J/mol K)(273 K +37°C) 

=7.45x 1CT 4 mol 

The mol ar mass of water (H 2 0) i s M = [2(1.00)4-16.0] g/ mol 
=0.018 0 kg/ mol. The mass of water vapor exhal ed i n one breath i s 

^sample =nM =(7.45x 10 4 mol)(0.0180 kg/mol) 

=1.34x 10r 5 kg 


The energy absorbed from your body as the water evaporates can be 
estimated as 

Q =mL =1.34x 1(T 5 kg(2.26x ltf 5 J/kg) =30.3J 


Your rate of energy I oss i s 


p=Q=| 

At ' 


30.3 J 
breath 


[ 22.0 breath j /1 min 
> 60s < 


= 11.1 W 


Notethatunlikeahuman, a dog does not perspire. Instead, the dog 
pants, and maximizes energy loss through the pathway considered 
here. 
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*P20.71 


P20.72 


The energy conservation equation is Q CO id =_ Qhot< or 

m te L / ) C , + "'.UB C Cu]( 1Z0 °C-0°C) 

=-m 1 ^ B ,(120 p C-9a0 p C) 


This gives 



c Pb ( 860°C) ]{ W|ceL/ + ^ m,ce +m ^ c ™ +m o JP c cu]( 12 -0°C)} 

(l28J/ kg °c)(86.Q o C) ]^ 0,0 ^° ° k9 >< 333x ltf J/ k9 > 


+[(0.240kg)(4186J/kg°c) 

+(0.100 kg)(387 J/ kg - °C)](12.0°C)} 

2.35 kg | 


(a) Work doneon thegas is the negative of the 
area under thePV curve: 



Put the cyli nder i nto a refrigerator at 
absolute temperature^/ 2. Let the 
piston move freely as the gas cools. 




© 


ANS. FIG. P20.72 


(b) I n this case the area under the curve is 

W = -jPdV. Si nee the process is isothermal, 


PV = P i V i = 4 P t 


fi) 


= nRT i 


and 


w =- J [^pj(py) =-py inp^j =W n4 

= pT.39P,y, | 

With the gas in a constant-temperature bath at T ; , slowly push 
the piston in. 
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(c) The area under the curve is 0 and | W = 0 | . 


Lock the piston in pi ace and hold the cylinder over 
a hotplate at 3T r 


The student may be confused that the i ntegral i n part (c) is not 
explicitly covered in calculus class. Mathematicians ordinarily 
study i ntegrals of functions, but the pressure is not a single¬ 
valued function of volumein a isovolumetric process. Our 
physics idea of an integral is more general. Itstill corresponds to 
the idea of area under the graph line. 

P20.73 From Equation 8.2, for the isolated system of the meteorite and the 
Earth and for the ti me i nterval from when the meteorite is very far 
from Earth until just after it hits the Earth's surface, 

A K + AU g + A£ int =0 —> A£ int = -A K - A U g 

The probl em statement says that the i nternal energy i ncrease of the 
system is shared equal ly by the meteorite and the Earth, so the change 
in internal energy for the meteorite alone is 

AE nrmwla =±AE M = -±AK-±AU ! 


Substitute for the energies: 


3 = -- 0- —mv\ 


1 2 

= —mv j 

4 


2 

GM E m 

2R, 


GM E m 

R, 


Given the Iarge amount of energy avai Iablefor a meteorite fal I i ng to 
Earth, we expect the meteorite to both melt and vaporize as its 
temperature rises. Therefore, the internal energy change for the 
meteorite can be expressed as 


A£ in t,meteorite = mcAT Lu6 +L f m + WcAT I liquid + K m +mcAT \gas 
= W ( cAT lsolid +L f + CAT lliquid +L v +cAT l g as) 


Setti ng the two expressi ons for the i nternal energy change of the 
meteorite equal gives us 


ATL 


■ cAT L 


■ cAr||i< 
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Substitute numerical values: 


= 


1170 J/ kg ■ °C J 

x^(l.40x 10 4 m/s) 2 


i (6.67 x 1CT 11 N • m 2 / kg 2 )(5.98x 10 24 kg) 

+ 2(6.37xltf 5 m) 

- (900 J/kg ■ °C)(660°C +15.0°C ) 

- 3.97 x 10 5 J/ kg 

- (l 170 J/ kg ■ °C)(2 450°C - 660°C ) 

- 1.14 x 10 7 J / kg 

=56 247°C 

This is the change i n temperatu re from the boi I i ng poi nt of al u mi nu m, 
so to fi nd the fi nal temperature, add 2 450°C and express to three 
significant figures: 

T f = 56 247°C + 2 450°C = |5.87 x 10 4o c| 

P20.74 The ti me i nterval to boil the water is related to the solar power P 

absorbed by the water and theenergy transfer T ER required: 


At = 7 ^ 

P 

The energy transfer requ i red i s 
T er = mcAT 
The solar power is 


p=fiA=fi^y±xd 2 fi 


Combining all three equations, 


At = 


mcAT 



AmcAT 

nd 2 fl 


4(1.50 kg)(4 186 J/ kg-°C)(80.0°C) 
7r( 0.600 m) 2 (0.4(X))(600 W/ m 2 ) 


= 7.40x 10 3 s =2.06h 
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If we i ncl ude setup ti me and coffee brewi ng ti me, thi s ti me i nterval 
approaches 2.5 hours. I n the morni ng, the solar i ntensity is not the 
maximum amount, which occurs later in theday. Therefore, the 
reduced intensity in the morning will i ncrease the ti me i nterval 
further. Furthermore, we have not included the energy transfer 
necessary to raise the temperature of the container in which thewater 
resides. These considerations will push the required time interval even 
higher, so that most of the morning is used in making coffee and there 
is no time I eft for a morning hike. 

P20.75 (a) Thepower radiated by the quiet Sun is given by Stefan's law: 

P =oAeT A 

=(5.67xl(T 8 W/m 2 K 4 )[5.1xl0 14 m 2 ](0.965)(5800 K) 4 
= fil6x 10 22 W | 

(b) The power output of the patch of sunspot is 
P = (5.67x 1CT 8 W/m 2 K 4 ) 

x{[0.100(5.10x 10 14 m 2 )](0.965)(4800 K) 4 
+ [0.900(5.10x 10 14 m 2 )](0.965)(5890 K) 4 } 

= [3.17xlCP W | 


(c) 


This is larger than 3.158x 10 22 W by j ^ ^ = 0.408% 


P20.76 


(d) T ava =0.100(4800 K) +0.900(5 890 K) = f5J8x 10 3 K | 

(a) The block starts with K, =^mvf ( 1.60 kg)(2.50 m/s) 2 =5.00J. 

Write the appropriate reduction of Equation 8.2 for the isolated 
cop per-ice system: 

A K +A E int =0 -> 

^0- ^m Cu u 2 j +L f Am =0 -> 

A m= n ^- 

2 h 

Substitute numerical values: 


(l.60kg)(2.50m/s) 2 
2(3.33 x 10 5 J/ kg) 


= 1.50 x 10r 5 kg = 115.0 mg| 
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(b) For the block as a system: Q =0 (no energy transfers by heat si nee 
there is no temperature difference), AE int = 0 (no temperature or 
change of state). 

For the block-ice system, AE mech = -A K = |—5.00J | . 

(c) For the ice as a system: Q =0 (no energy transfers by heat since 
there is no temperature difference), AE int = A mL f 4 p.00J| 

(change of state—some ice melts). 

(d) This is basically the same system as treated in part (a), treated in 
the same manner: 

K t = 5.00 J and m ice = | 15.0 mg | 

(e) For the block of ice as the system: Q =0 (no energy transfers by 
heat si nee there i s no temperatu re d ifference), 

AE int = A mL f = 15.00 J | (change of state—some ice melts). 

For the block-ice system, AE mech =-AK = | -5.00J [ . 

(f) For the metal sheet as a system, Q =0 (no temperature difference), 
|AE int = 0| (no change in state or temperature). 

(g) Write the appropriate reduction of Equation 8.2 for the isolated 
copper-copper system: 

AK+AE int =0 -> AE int =-AK 

Because of the symmetry of the system, each copper si ab 
possesses half of the i nternal energy change of the system: 

AEi ntiW = |aE m = A A K = A(o- Amu 2 

The i nternal energy change of the copper slab is related to its 
temperature change: 

A£ int, 0 opper=WCAT = ^OTi ; 2 AT = 

Substitutenumerical values: 


(2.50 m/s) 2 
4(387 J/kg ■ °C) 


= 14.04 x 1 Qt 3 ^c1 


(h) For the sliding slab, |Q = 0| (no temperature difference), 
|AE int = 2.50J] (friction transfers kinetic energy into internal 
energy). 

For the two-slab system, |AE mech = -5.00 J | (A K = -5.00 J). 
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(i) For the stationary slab, |Q = 0| (no temperature difference), 

|AE int = 2.50J] (friction transfers kinetic energy into internal 
energy). 

For each object in each situation, the general continuity equation 
for energy, in the form A K +AE int =Q, correctly describes the 
relationship between energy transfers and changes i n the object's 
energy content. 

P20.77 From Q = L v Am, the rate of boi I i ng is described by 


Power = 


Q 

At 


L v Am 

At 


so that the mass fI ow rate of steam from the kettl e i s 


Am _ Power 

~aF~ L v 


The symbols Am for mass vaporized and m for mass leaving the kettle 
have the same meaning, but recall that M represents the molar mass. 
Even though it is on the point of liquefaction, we model the water 
vapor as an ideal gas. The volume flow rate W At of the fluid is the 
cross-sectional area of the spout multiplied by the speed of flow, 
forming the product A v. 


P 0 v=„ R r=(^)*r 

P 0 V = m(RT} 

At At { M J 


n . Power ( RT 

p<Av = —— — 


L M 


(Power)RT 

ML v PqA 


Suppressing units, 


v 


(l 000) (8.314)(373) = | 3 76m/ i 

(0.018 0)(2.26x ltf )(l.013x 10 5 )(2.00x 1CT 4 ) ^- 1 


P20.78 A — aNs +^^5^3^;. +A sidewa n s +A roof 


A =2(8.00 mx 5.00 m) +2^2x ^ x 4.00 mx (4.00 m)tan 37.0° j 
+2(10.0 mx 5.00 m) +2(10.0 m )[ C q S °^o ] 
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P20.79 


© 2014 Cengage Learning 


A =304 m 2 

_kAAT _(4.80x HT 4 kW/m- °c)(304 m 2 )(25.0°C) _ ^ 

L 0.210 m 

=4.15 kcal/s 

Thus, the energy transferred through the wal Is per day by heat is 
(4.15 kcal/s )(86 400 s) =3.59x 10 5 kcal/day 


The gas needed to replace this transfer is 3 - 59xl ° kcal/day 

9300 kcal/m 3 

= p38.6 m 3 /day | 


Energy goes in at a constant rateP. For the period from 50.0 min to 
60.0 min, after the ice has melted, 


PAt = Q = mcAT 

P (10.0 mi n) =( 10 kg +ra,) (4186 J /kg • °C) (2.00°C - 0°C) 
P(10.0 min) =83.7 kj +(8.37 k|/kg)m ; [1] 

For the period from Oto 50.0 min, as the ice is melting, 

PAt = Q = m i L f 

P[ 50.0 min) =m ; (3.33x 10 5 J/kg) 
m, :(3.33x10 s J/kg) 

Substitute P =—-——— T - k into equation [1] to find 

50.0 min 

m,(3.33xl0 5 J/kg) , . 

—- 5QQ ' ' =83.7 kj +(8.37 kj/kg )m t 

83.7 kj 


( 66 . 6 - 8.37) kj/kg ' 

T°(C) 


I 1.44 kg I 


20.0 40.0 60.0 f (min) 

ANS. FIG. P20.79 
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P20.80 (a) From conservation of energy, where the subscri pt w is for water 

and thesubscriptc isfor the calorimeter, 

Qcdd = -Qhot or Q ai =- (Q w +Q c ) 


m M c M (7}-T,) a| =-[m w c w +m c c c )(T f -T i ) w 

(0.200 kg)c AI (+39.3°C) 

=-[(0.400 kg)(4186 J/kg°c) 

-^0.040 0 kg)(630 J/kg °C)](-3.70°C) 


_6.29x 10 3 J 
Cai 7.86 kg °C 


=| 800 J/kg -°C 


(b) 


900- 800 
900 


= 11 % 


This differs from the tabulated value by 11%, so the values agree 
within 15%. 


Challenge Problems 

P20.81 (a) Thespeed of rise of the piston is the same as the rate at which the 

height/? of the steam above the water is increasing due to the 
boi I i ng process. The vol u me of the gas i s the area A of the 
cylinderti mes the height/?: 


dt dtyA J 

The volume of steam can be replaced using the ideal gas law, in 
which the pressure? and temperature? are constant: 

_ 1 d fnRT ^| = KP_dn 
V ~ Adt { P )~ PAdt 

The combi nati on PA is the force applied by the gas on the piston. 
Assuming that the speed of the piston is constant, the piston isin 
equilibrium so this force is equal to the product of atmospheric 
pressure? 0 and the area of the piston pi us the weight m p g of the 
piston. 

_? =PpA +m p g _ 
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The number of mol es n is the rati o of the mass 
m g of the gas to the mol ecu I ar mass M w : 



which may both be substituted into our velocity 
equation: 

r rt vk| 

{’n r g+P 0 A)dt{Mj 



RT 

dm g 

[m p g +P 0 a)m w 

dt 


ANS. FIG. P20.81 


The change i n the mass of the steam i s rel ated to the I atent heat of 
vaporization by Equation 20.7: 


Q =±(A m)L 


dn^ = d_fQ] 

4" dt{L v ) 


v RT d { 3-1 RT dQ 

V [m v g +P 0 a)m w dt{L v ) [m p g +P 0 a)m w L v dt 


Finally, the rate at which energy isentering the cylinder isthe 
power, {Power)-. (Notice that here we are careful to distinguish 
power from pressu reP which normally would use the same 
symbols.) 

RT (Power) 


Now we substitute numerical values, suppressing units: 

= _ (8.314)(373)(100) _ 

^ [ (3.00) (9.80) +(1.013x 10 5 ) (7r) (0.0750) 2 ] (0.0180) (2.26x 10^) 

= 4.19 x 10“ 3 m/ s = |4.19 mm/ 4 
(b) Begin the same way as part (a): 


dh 

- d l 

' v ) 

_ ldl 

' nRT \ 

dt 

dt\ 

.A) 

A dt\ 
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P20.82 


In this situation, however, the number of moles n isfixed and the 
temperature! changes: 

_(nR)dT _ nR 
\PAJ dt [m p g +P 0 A ) 


The temperature change is related to the energy input by means 
of Equation 20.4: 


Q = me AT —> — 
dt 



m g e J 


which may be substituted into our velocity equation: 

v nR df _Q ) m g R dQ 

[m p g + P 0 a] dtl^m^ J ( m p g + P 0 A)m g cM w dt 


_ R [Power) 

( m p g +P 0 a)cM w 

Substitute numerical values, suppressing units, 

= _ (8.314) (100) _ 

[(3.00)(9.80) +(l.013x 10 5 )(tt)(0.0750) 2 ](2 010)(0.018 0) 

= 0.012 6 m/s = 112.6 mm/s] 


(a) If the energy transfer P through one spherical surface within the 
shel I were different from the energy transfer through another 
sphere, the temperature would be changing at a radius between 
the Iayers, so the steady state wou Id not yet be establ ished. 

The equation dT/ dr = P/ 4nkr 2 represents the law of 
thermal conduction, incorporating thedefinition of 
thermal conductivity, applied to a spherical surface 
w ithi n the shel I. The rate of energy transfer P must be 
the same for all radii so that each bit of material 
stays at a temperature that is constant in time. 


(b) we separate the variables! and r in the thermal conduction 
equation and integrate the equation between points on the 
interior and exterior surfaces. 




P fO .07 dr 

4nk^.(B r 2 


where! is in degrees Celsius, P is in watts, and r is in meters. 
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P20.83 


(c) The integral yields 

Tj 40 P 

40-5 


a 


A-nk \ 

-J—\L 

An ( 0 . 8)1 

P = |18.5 W| 


'~L +A.) 

0.07 0.03 J 


(d) With P now known, we separate the variables again and integrate 
between a point on the interior surface and any point within the 


shell. 


\ T dT = — [ % 

•* 5 Ank Jo.(B r 2 


(e) 1 ntegrati ng, we fi nd 


re +(C" 

18.5 f 1 + 1 ) 

An (0.8)1 r ' 0.0300 J 


T = 5+1.84———-- 

V 0.030 0 r) 

Where T is in degrees Celsius and r is in metersl 


(f) T=5+L Ka4o-7) = 5+L K^o-^o) = ® 

h£AA =kA (?L) 

it y x) 


Lp J xdx =kAT j dt 


Lp— =kATAt 


( 333 , Itf J/kg)(917 kg/m 3)J(^0m)^(a0400^j . 

(2.00 W/m °c)(lO.O°C)Af 


At =3.66x 10 4 s =1 10.2 h I 
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P20.84 (a) SeeANS. FIG. P20.84. For a cylindrical shell of radiusr, height/., 

and thickness dr, the equation for thermal conduction, 

- = -kA— becomes — =-k[2nr\)\— 
dt dx dt v ' dr 


Under equilibrium conditions, — is constant; therefore, 

dt 



ButT a >T b , so 


^ =2nkL 


( T a -T b )" 
\r\(b/a) 


(b) From part (a), the rate of energy flow through the wal I is 
dQ _ 2n kL (T a - T b ) 
dt I n(b/a) 

dQ _2^(4.00xl(T 5 cal/s- cm• °c)(3 500 cm)(60.0°C) 
dt In (256 cm/250 cm) 

^ =2.23x 10 3 cal/s = | 9.32 kW | 

This is the rate of energy loss from the plane by heat, and 
consequently is the rate at which energy must be supplied in 
order to mai ntai n a constant temperature. 



ANS. FIG. P20.84(b) 
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lNSWERS TO EVEN-NUMBERED PROBLEMS 


P20.2 0.105° C 

P20.4 16.9° C 

P20.6 0.234 kj/ kg. °C 

P20.8 87.0°C 

P2010 (Vai +m c cjT c +m h cj„ 

m A\ C A\ +m c C w +m h C w 

P20.12 (a) 16.1°C; (b) 16.1°C; (c) It makes no difference whether the drill bit is 

dull or sharp, or how far into the block it cuts. The answers to (a) and 
(b) are the same because all of the work done by the bit on the block 
constitutes energy bei ng transferred i nto the i nternal energy of the 
steel. 

P20.14 (a) T =25.8°C; (b) The symbolic result from part (a) shows no 

dependence on mass. Both the change in gravitational potential energy 
and the change i n i nternal energy of the system depend on the mass, 
so the mass cancels. 

P20.16 12.9 g steam 

P20.18 1.22 x lCf J 

P20.20 0.294 g 

P20.22 0.415 kg 

P20.24 (a) 7; (b) As the car stops, it transforms part of its kinetic energy into 

i nternal energy due to air resistance. As soon as the brakes rise above 
the air temperature, they transfer energy by heat into the air and 
transfer it very fast if they attain a high temperature. 

P20.26 -nR(T 2 -T 1 ) 

P20.28 (a) -12.0 MJ; (b) +12.0 MJ 

P20.30 (a) 12.0kj; (b) -12.0kj 

P20.32 From the fi rst I aw of thermodynamics, AE int =0 +1/1/ =10.0J +12.0J = 

+22.0J. The change in internal energy is a positive number, which 
would be consistent with an increase in temperature of the gas, but the 
probl em statement i ndi cates a decrease i n temperatu re. 

P20.34 4.29 x 1(f) 

P20.36 (a) -3.10 kj; (b) 37.6 kj 

P20.38 (a) 0.007 65 m 3 ; (b) 305 K 
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P20.40 

P20.42 

P20.44 

P20.46 

P20.48 

P20.50 

P20.52 

P20.54 


P20.56 


P20.58 

P20.60 

P20.62 


P20.64 

P20.66 


P20.68 

P20.70 

P20.72 
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(a) 1300J; (b) 100J; (c) -900J; (d)-1400J 
(a) -4P,V,; (b)4P,.V f 
667 W 

3.85 x 10 26 W 
364 K 

30.3 krai/ h 

2.22 x ia 2 W/m-°C 

(a) Intensity is defined as power per area perpendicular to the 
d i recti on of energy f I ow. The d i recti on of su n I i ght i s al ong the I i ne 
from the Sun to an object. The perpendicular area is the projected flat 
circular area enclosed by th eterminator. The object radiates infrared 
light outward in all directions. The area perpendicular to this energy 
flow is its spherical surface area; (b) 279 K, it is chilly, well below room 
temperatures we find comfortable. 

(a) 0.964 kg or more; (b) The test samples and the inner surface of the 
insulation can be pre-warmed to 37.0° as the box is assembled. Then, 
nothing changes in temperature during the test period and the masses 
of the test samples and insulation make no difference. 

(a) -88.5J; (b) 722J 

I. 79 kg 

(a) Isolated system (momentum). The collision isa perfectly inelastic 
collision, where momentum is conserved, but kinetic energy is not. (It 
is transformed to internal energy); (b) 20.0 m/ s to the right; (c) 1.18 x 
lO 3 ]; (d) No; (e) 327.3°C; (f) 3.1 g of solid lead and 16.9 g of liquid lead 
P 

pRAT 

(a) First, energy must be removed from the liquid water to cool it to 
0° C. N ext, energy must be removed from the water at 0° C to freeze it, 
which correspondsto a liquid-to-solid phase transition. Finally, once 
all the water has frozen, additional energy must be removed from the 
ice to cool it from 0° to -8.00°C; (b) 32.5 kj 

(a) 0.645 kg/h; (b) 0.068 9 

II. 1 W 

PV 

(a) h—; Put the cylinder into a refrigerator at absolute temperature 

77 2. Letthepiston move freely as the gas cools; (b) +1.39P,V,; With the 
gas in a constant-temperature bath atT f , slowly push the piston in; (c) 
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1/1/ =0; Lock the piston in pi ace and hold the cylinder over at hotplate 
at 3T f . 

P20.74 Most of the morning is used in making coffee, and there is no time I eft 
for a morning hike. 

P20.76 (a) 15.0 mg; (b) -5.00J; (c) 5.00J; (d) 15.0 mg; (e) 5.00J; (f) AE int = 0; 

(g) 4.04x 10“ 3 °C; (h) Q =0; AE int = 250J; AE^ =-5.00J; (i)Q =0; 

A E int = 2.50 J 

P20.78 38.6 m 3 / day 

P20.80 (a) 800J/ kg • °C; (b) This differs from the tabulated valueby 11%, so 

the values agree within 15%. 

P20.82 (a) Theequation c/77 dr =P/4nkr 2 represents the law of thermal 

conduction, incorporating the definition of thermal conductivity, 
applied to a spherical surface withi n the shel I. The rate of energy 
transfer P must be the same for all radii so that each bit of material 
stays at a temperature that is constant i n ti me; (b) See P20.70(b) for ful I 
proof; (c) 18.5 W; (d) See P20.70(d) for full proof; 

(e) T =5 +1.84f— -where! isin degrees Celsius and r isin 

v 0.030 0 r J 
meters; (f) 29.5° C 

P20.84 (a) ^ =2nkL\ ^ a ~ Tb \ ] ; (b) 9.32 kW 

dt l ki(b/a)\ 
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The Kinetic Theory of Gases 


CHAPTER OUTLINE 


21.1 Molecular Model of an Ideal Gas 

21.2 Molar Specific Heat of an Ideal Gas 

21.3 The Equi partition of Energy 

21.4 Adiabatic Processes for an Ideal Gas 

21.5 Distribution of Molecular Speeds 


*An asterisk indicates a question or problem new tothisedition.| 


lNSWERS to objective questions 


OQ21.1 Answer (c). The molecular mass of nitrogen (N 2 , 28u) issmallerthan 
the molecular mass of oxygen (0 2 , 32 u), and the rms speed of a gas is 
(3 R T/M ) v2 . Si nee the rms speeds are the same, the temperature of 
nitrogen is smaller than the temperature of oxygen. The average 
kinetic energy is proportional to the molecular mass and the square 

of the rms speed (K = ^ mv 2 rms ), so the average ki neti c energy of 
nitrogen is smaller. 

OQ21.2 Answer (d). The rms speed of molecules in the gas is v rms = RT/M. 
Thus, the rati oof the final speed to the original speed would be 

(■’<• '.)• _V3RT>7M = gooK 

(aJ„ J 3 RTJM \r„ V200K 

OQ21.3 A nswer (b). The gases are the same so they have the same mol ecu I ar 

mass, M . If the two samples have the same density, then their ratios 
of number of moles to volume, n/V , arethesame because their 
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densities, (nM )N , are the same. The pressures are the same; thus, 
thei r temperatures are the same: 

PV = nRT —> p = —RT - constant —>T= constant 
F V 

Therefore the rms speed of their molecules, (3 RT/M ) y2 , isthesame. 

OQ21.4 (i) Answer (b). The volumeof the balloon will decrease because 

the gas cools. 

(ii) Answer (c). The pressure insidethe balloon isnearly equal to 
the constant exterior atmospheric pressure. Snap the mouth of 
the balloon over an absolute pressure gauge to demonstrate 
thisfact.Then from PV =nRT, volume must decrease in 
proportion to the absolute temperature. Call the process 
isobaric contraction. 


OQ21.5 


OQ21.6 


OQ21.7 


OQ21.8 


Answer (d). At 200 K, ^m 0 v 2 m 0 = |fc B T 0 . At the higher temperature, 

^m 0 (2v m J 2 =|fc B T 

Then T =4 T 0 =4(200 K) =800 K. 

Answer(c) >(a) >(b) >(d). The average vector velocity iszeroin a 
sample macroscopical Iy at rest. As adjacent equations in the text 
note, the asymmetric distribution of molecular speeds makes the 
average speed greater than the most probable speed, and the rms 
speed greater still. The most probable speed is (2 RT/M ) y2 , the 
average speed \s(8RT/ 7rM) y2 = (2.55 R T/M ) y 2 , and the rms speed i s 
(3RT/M) y2 . 

(i) Statements (a) and (e) are correct statements that descri be the 
temperature i ncrease of a gas. 

(ii) Statement (f) is a correct statement but does not apply to the 
situation. Statement (b) is true if the molecules have any size at 
all, but molecular collisions with other molecules have nothing 
to do with the temperature increase. 

(iii) Statements (c) and (d) are incorrect. The molecular collisions are 
perfectl y el asti c. Temperatu re i s determi ned by how fast 
molecules are moving through space, not by anything going on 
inside a molecule. 

(i) Answer (b). Average molecular kinetic energy, 3kT/2, increases 
by a factor of 3. 
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(ii) Answer (c). Therms speed, (3 RT/M ) V2 , increases by a factor of 

V3. 

(iii) Answer (c). Average momentum change increases by V3: 

A Pavg=-2m 0 U avg . 

(i v) A nswer (c). Rate of col I i si ons i ncreases by a factor of V3: 

Af avg = 2 d/ v avg . 

(v) Answer (b). Pressure increases by a factor of 3. See Equation 
21.15: 



OQ21.9 Answer (c). The kinetic theory of gases assumes that the molecules 
do not interact with each other. 


lNSWERS to conceptual questions 


CQ21.1 Asa parcel of air is pushed upward, it moves into a region of lower 
pressure, so it expands and does work on its surroundings. Its fund 
of internal energy drops, and so does its temperature. As mentioned 
i n the question, the low thermal conductivity of ai r means that very 
I ittle energy will be conducted by heat into the now-cool parcel from 
the denser but warmer air below it. 

CQ21.2 A diatomic gas has more degrees of freedom—those of molecular 
vibration and rotation—than a monatomic gas. The energy content 
per mole is proportional to the number of degrees of freedom. 

CQ21.3 Alcohol evaporates rapidly, so that high-speed molecules leave the 
I i qu i d, reduci ng the average ki netic energy of the remai ni ng 
molecules of the liquid and therefore reducing the temperature of 
the I iquid. Then, because the alcohol is cool, energy transfers from 
the skin, reducing its temperature. 

CQ21.4 Asthe balloon rises into the air, the air cannot be uniform in pressure 
because the lower layers support the weight of all the air above 
them. The rubber in a typical balloon is easy to stretch and stretches 
or contracts unti I i nterior and exterior pressures are nearly equal. So 
asthe balloon rises it expands. Thisisan adiabatic expansion (see 
Section 21.4), with P decreasing asV increases (PV T =constant). If the 
rubberwall isvery strong itwill eventually contain the helium at 
higher pressure than the air outside but at the same density, so that 
the balloon will stop rising. More likely, the rubber will stretch and 
break, releasing the helium to keep rising and "boil out" of the 
Earth's atmosphere. 
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CQ21.5 The d ry ai r i s more dense. Si nee the ai r and the water vapor are at 

the same temperature, the gases have the same average molecular 
kinetic energy. Imagine a control led experiment in which equal- 
volume containers, one with humid air and one with dry air, are at 
the same pressure. The number of molecules must be the same for 
both containers [PV =NkT). The water molecule has a smaller 
molecular mass (18.0 u) than any of the gases that makeup the air, 
so the humid air must have the smaller mass per unit volume. 

CQ21.6 The hel i um must have the hi gher rms speed. A ccord i ng to Equati on 
21.22for therms speed, (3 RT/M ) V2 , for the same temperature, the 
gas with the smal ler mass per atom must have the higher average 
speed squared and thus the higher rms speed. 

CQ21.7 The molecules of all different kinds collide with the walls of the 

container, so molecules of all different kinds exert partial pressures 
that contri bute to the total pressu re. The mol ecu I es can be so smal I 
that they collidewith one another relatively rarely and each kind 
exerts partial pressure as if the other ki nds of molecules were absent. 
I f the mol ecu I es col I i d e w i th one another often, the col I i si ons exactl y 
conserve momentum and so do not affect the net force on the wal Is. 
The partial pressure P, of one of the gases can be expressed with 
Equation 21.15: 



where A/ j ; is the number of moleculesof the/th gasand K isthe 
average kinetic energy of the molecules. Let us add up these 
pressures for al I the gases i n the contai ner: 

P=X^=x|f)(l)=|fXN,=|(f)(K) 

where/V isthetotal number of moleculesof all types and we have 
used the fact that the average kinetic energies of all types of 
mol ecu I es are the same because al I the gases have the same 
temperature. The final expression for the pressu re is the same as that 
of a single gas with N molecules in the same volume!/ andatthe 
given temperature. 
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SOLUTIONS TO END-OF-CHAPTER PROBLEMS 


Section 21.1 Molecular Model of an Ideal Gas 


P21.1 


P21.2 


(a) 


The volume is V =^7rr 3 =^7r(0.150m) 3 =1.41xlCT 2 m 3 . The 
quantity of gas can be obtained fromPV =nRT\ 


n 


PV (1.013 x 10 5 N/ m 2 )(141x lCr 2 m 3 ) 

RT (8.314 N rr/mol K)(293K) °' 588 m01 


The number of molecules is 

N =nN A =(0.588 mol)(6.02x 10 23 molecules/ mol) 


N = 1 3.54x 10 23 helium atoms) 

(b) The kinetic energy is given by K = ^m 0 v 2 = |fc B T: 

K =|(l.38x 1CT 23 J/ K)(293 K) = | 6.07x10 21 j] 


(c) A n atom of H e has mass 


M 


4.002 6g^mol 


0 N a 6.02x 10 23 molecule^ mol 
= 6.65x 1(T 24 g = 6.65x 10 27 kg 
So the root-mean-square speed is given by 


PT 2 K 2x6.07xl(T 27 J , , . , 

^rms = Vp 2 = J — = J ccc ,- 27 , = 135 knrY s 

\ m 0 ]/ 6.65 x 1CT kg 1 - 1 

(a) Both kinds of molecules have the same average kinetic energy. It 


X=|fc B T =|(l.38x HT 23 J/K)(423K)= | 8.76x 10 21 

(b) The root-mean square velocity can be calculated from the kinetic 
energy: 
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P21.3 


P21.4 


so v rms = 

For helium, 


1.75 x HT 20 J 


[ 1 ] 


m 0 = —— g / mo1 —_—- = 6.64x 1CT 24 g/molecule 

6 . 02 x 10 23 molecules/mol 7 


m 0 = 6.64x 1CT 27 kg/molecule 


Similarly for argon, m 0 = - 


39.9 g/mol 


6 .02X10 23 molecules/mol 
= 6.63x 10“ 23 g/molecule 
m 0 = 6.63x 1CT 26 kg/molecule 
Substituting into [1] above, 


we find for helium, v rms = 1.62 km/s 


and for argon, | u rms = 514 m/s | 


(a) From N ewton's second law, the average force is given by 

F =Nm— =500(5.00x 10 3 kg) 

[8.00sin45.0°-(-8.00sin 45.0°)] m/s 
X 30.0 s 

= | 0.943 N | 


(b) We find the pressure from 


= 1.57 N/m 2 = I 1.57 Pa I 


p_F _ 0.943 N 
~ A~ 0.600 m 2 

The equation of state for an ideal gas can be used with the given 
information to find the number of molecules in a specific volume. 


py= — 

[n a 

so that, suppressing units, 


\RT means N = - 


(l.OOx 1CT 10 )(133)(1.00)(6.02x 10 23 ) 
(a314)(300) 
j 3.21x 10 12 molecules| 
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The gas temperature must bethat implied by -m 0 v 2 = -k B T fora 
monatomi c gas I i ke hel i um. 


H 


(i 


3^ 138x 10 23 J/ K 


= 17.4 K 


Now PV =nRT gives 

PV (l.20x 10 5 N/m 2 )(4.00x 10' 3 m 3 ] 


(8.314J/mol ■ K)(17.4K) 


=13.32 mol I 


2 N- t 


P21.6 P = -—K from the ki netic-theory account for pressure. 

3 PV 
N = — 

2 K 


N a 


3 PV 
2 KN a 


P21.7 Use the equation describing the kinetic-theory account for pressure: 
3V 2 


K = ^Y_ w her eN =nN A 

2 2 N A 

3 PV _ 3(8.00atm)(l.013xl0 5 Pa/atm)(5.00x 10“ 3 m 3 ) 
~2nN A 2(2 mol)(6.02x 10 23 molecules/mol) 

K = [~5.05x 1(T 21 J | 

P21.8 The molar mass of diatomic oxygen is 32.0 g. The rms speed of oxygen 
molecules is 

U rms = 

and 



V rms 


P rms 


=mv r ms 


M 3 RT 


~e 02 x ltf 3 V 3 ( a314J / mo1 K H 350 K )( 32 - 0x 10-3 k g) 

= |2.78xl(T 23 kg ■ m/ s| 
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P21.9 


P21.10 


*P21.11 


P21.12 


We use lu =1.66 x 10' 24 g. 

( 1.66x 


(a) For H e, m 0 = 4.00 u 


xl(T 24 g"| 

lu J 


= 6.64x lCr 2 ' kg 


(b) For Fe, m 0 = 55.9 u ^ L66 * 9 j = [ g.28x lQr 26 kg | 

(c) For Pb, m 0 = 207u( L66 * g j = |~3.44x lQr 25 kg | 

Therms speed of molecules in a gas of molecular weight M and 
absolute temperature! is u rms = J3RT/M. Thus, if \/ rms =625 m/ sfor 
molecules in oxygen (0 2 ), for which M =32.0g/ mol = 

32.0 x 10‘ 3 kg/ mol, the temperatu re of the gas i s 

rr _Mu 2 ms _(32.0xl0r 3 kg/mol)(625 m/s) 2 
T 3R 3(8.31 J/molK) 

(a) From the ideal gas law, 


PV = nRT = 


NntnV 


The total translational kinetic energy is - 


£ trans =^PV =|(3.00x 1.013x IQ 5 Pa)(5.00x 1(T 3 m 3 ) 


2.28 kj 


(b) 


m 0 v 2 _ 3 k B T _ 3 RT _ 3(8.314 J/ mol ■ K )(300 K) _ 
2 2:/ _ 2N a 2(6.02 x 10 23 ) ' 


6.21xlCT 21 J 


(a) Thevolumeoccupied by thisgasis 

V =7.00 LjlO 3 cm 3 /l L)(l m 3 /l(f cm 3 ) =7.00x 10r 3 m 3 
Then, the ideal gas law gives 

_PV _(l.60x ltf Pa)(7.00x lQr 3 m 3 ) _. 


T nR (3.50 mol) (8.31 J/molK) - 

(b) The average kinetic energy per molecule in this gas is 

molecule =| k B T =|(l.38x 1(T 23 J/k)(385 K) = |7.97x 10 21 j| 
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(c) You would need to know the mass of the gas molecule to find its 
average speed, which in turn requires know I edge of 
|the molecular mass of thegas| . 

P21.13 To find the pressure exerted by the nitrogen molecules, we first 
cal cu I ated the average force exerted by the mol ecu I es: 

_ =Nm Ap _(5.Q0x lCP)[(4.65x 1CT 26 kg)2(300 m/s)] _ 

M ° At 1.00 S 

the pressure is then 


F _ 14.0 N 

A “ 8.00x 1(T 4 m 2 


17.4 kPa | 


Section 21.2 Molar Specific Heat of an Ideal Gas 
P21.14 n = 1.00 mol, T, = 300 K 

(a) Si nee V = constant, w = |~0~l. 

(b) AE W =Q +W =209 J +0 = [~209]~1 


(c) A £ int = nCyAT = n 



AT 


SO 


AT 


, 2AE m _ 2(209j) = 

3 nR 3(1.00 mol )(a314J/molK) 


P21.15 


T =T l +AT =300 K +16.8 K = 317 K | 
Q={nC P AT). M + (nC v AT) 

isovolu metric 

I n the isobaric process, V doubles so T must double, to 2T,. 

I n the isovolumetric process, P triples so T changes from 27, to 67,. 


Q = n ^ R j (27, - 7,) + ;i|| R j (6T, - 27,) =13.5;/R7, 
= | 13.5 PV] 
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P21.16 


P21.17 


P21.18 


(a) Consider warming it at constant pressure. Oxygen and nitrogen 
are diatomic, so C p = . Then, 


7 7(PV} 

Q =nC p AT =—nRAT =-(^—JAT 

^ _7 (l.013x 10 5 N/m 2 )(l00 m 3 ) 
Q ~2 300K 


(1.00 K) =[ll8 kj] 


(b) Weusethedefinition of gravitational potential energy, 


U g = mgy 

from which, 
U r 


1.18x 10 5 | , —| 

j ——— 7 ^tt- 7 - —r = 6.03 x lCr kg 
9.80 m/s 2 2.00 m I- ^ 


gy 


We use the tabulated values for C p and C v \ 

(a) Sincethis is a constant-pressure process, Q = nC p AT. 

The temperature rises by AT =420 K - 300 K =120 K: 

Q =nC p AT =(1.00 mol )<2a8 J/mol K )(420 K - 300 K ) 

H 3.46 k) | 

(b) For any gas AE int = nC v AT, so 

AE int =nC v AT =(l.00 mol)(20.4 J/mol ■ K)(l20 K) = | 2.45 kj 

(c) The first law says AE int =Q +W, so 


W =-Q +AE int =-3.46 kj +2.45 kj = | -1.01 kj | 


(a) Molar specific heat is C V = ^R. 

Specific heat at constant volume per unit mass is given by 

c v = C -±= 5 -r(A) 
v M 2 {MJ 

5 /oo-i/i i / i is\( 1-00mol 
=- 8.314 J/mol ■ K 
2' ' \ 0.028 9 kg ) 

=719 J/kg ■ K = | 0.719 kj/kgd<] 
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*P21.19 

P21.20 


(b) 


m = Mn = M 



m =(0.0289 kg/mol) 


(200x10 s Pa)(0.350 m 3 ) 
(8.314 J/mol ■ K)(300 K) 


=| 0.811 kg 


(c) We consider a constant-volume process where no work is done. 

Q =mc v AT 

=(0.811 kg)(0.719 kj/kg K )(700 K - 300 K) 

= ^33kf| 

(d) Wenow consider a constant-pressure process wherethe internal 
energy of the gas is increased and work is done. 



-> Q =(0.811 kg)^|(0.719 kj/kg ■ K )j(400 KH 327 kj 

A£ int =|nRAT =|(3.00 mol)(8.314 J/mol K)(2.00 K) = | 74.8J | 

Consider 800 cm 3 of tea (flavored water) at 90.0°C mixing with 200 cm 3 
of diatomic ideal gas at 20.0°C: 

Qcold — — Qhot 

or [t, - T, air ) =-’’i.c, (AT l 

<Ar) _- m sir C P.,ir(^, - r, , ir ) _-(pV ), ir f,»l 90.0°C - 20.0°C) 
m w c w [Piu^w ) c w 

where we have anticipated thatthefinal temperature of the mixture 
will be close to 90.0°C. 

The molar specific heat of air is C p air = ^ R - 
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So the specific heat per gram is 

= 11 ) =!< a314 J /™' ■ K ( w ) =L01 J/9 ° c 

and 

_ [(l-20xl(r 3 g/cm 3 )(200cm 3 )](l.01J/g o C)(70.0°C) 
[(l.00 g/cm 3 )(800cm 3 )](4.186J/g °c) 

or (AT)^ « -5.05 x 1CT 3 °C 

The change of temperature for the water is 

| between lCr 3o C and 1CT 2 °C | . 

*P2l.2l (a) The air is far from liquefaction so it behavesasan ideal gas. From 

PV =nR T we have PV = —RT, or PM = —RT = pRT. For the 
M V 

sampl es of ai r i n the bal I oon at 10.0°C (col d) and at the el evated 
temperature (hot) we have PM = p c RT c and PM = p h RT h . Then 

p h T h = p c T c and p h = For equilibrium of the balloon on the 

Pi 

point of rising, 

£ F y = ma y '■ +B ~ F g hot air - F g cargo = 0 

+P c Vg-p k Vg-mg= 0 

+pV -PX V -m=0 

T h 

(1.25 kg/m 3 )(400m 3 )-(l.25 kg/m 3 )[^^^(400m 3 ) 

- 200 kg =0 

300kg=(500kg)(^-) 

r *=(l) (283K)=472K 
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The quantity of air that must be warmed isgivenby PV = n h RT h , 
PV 

or n h = ——. The heat i nput requ i red i s 

RT h 


Q =nC p AT 


~w 


_/7\(l.0Bx 10 5 N/ m 2 )(400 m 3 )(472 K - 283 K) 
\2/ 472 K 


5.66x 10 7 J | 


(b) 


Q =mH, so m = 


5.66x 10 7 J 
5.03x 10 7 J/kg 


1-12kg | 


Section 21.3 The Equipartition of Energy 

P21.22 (a) = = 

(c) C p =C v +R=±(f+2)R 


(d) r=- 


/±2 


/ 


P21.23 The rotati onal ki netic energy of the mol ecu I e 
is given by K rot = ^Ico 2 . We determine the 
moment of inertia from I = 2m 0 r 2 , with 
m 0 = 35.0x 1.67 x 10r 27 kg and r = 1 Or 10 m: 

I =2 m 0 r 2 =2(35.0x 1.67x 1 Or 27 kg)(lCT 10 m) : 

=1.17xl(r 45 kg-rm 2 


*•"> 
ANS. FIG. P21.23 
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Then, 

K rot =hco 2 =^(l.l7x 1CT 15 kg-m 2 )(2.00x ltf 2 s ' 1 ) 2 
= [ 2.34x 10 21 J | 

P21.24 We must have the difference of molar specific heats given by Equation 
21.31: Cp-Cy =R. The value of y tells us that C p = 1.750,,, so 


1.75C V - C v = R C v 


R 

0.75 


4 

3 


R 


The maximum possible value of 7 = 1 +— = 1.67 occurs 

Cy 

forthelowestpossiblevalueforCy = |r. Therefore the 

clai m of 7 = 1.75 for the newly discovered gas cannot be 
true. 


P21.25 


The sample's total heat capacity at constant volume \snC v . An ideal 
gas of d i atomi c mol ecu I es has th ree d egrees of freedom for transl ati on 
in thex,y, and z directions. If we take they axis along the axis of a 
molecule, then outsideforces cannot excite rotation about this axis, 
since they have no lever arms. Collisions will set the moleculespinning 
only about thex and z axes. 


(a) If the molecules do not vi brate, they have five degrees of freedom. 
Random collisions put equal amounts of energy ^ k B T into all 
five kinds of motion. The average energy of one molecule is 
-k B T. The internal energy of the two-mole sample is 


N -k B T \ = nN A \ -k B T \ = n -R \T = nC v T 


The molar heat capacity is C v = -R, and the sample's heat 
capacity is 

nC v ="(Jr) =(2.00 mol(8.314 J/mol ■ K)J 
| nC v =416 J/K | 
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(b) For the heat capacity at constant pressure, we have 

nC P =n(C v +R) =h(J# +K j =|nR 
=(2.00 mol (8.314 J/mol ■ K)J 
| nC p =58.2 J7i<~| 

(c) Vibration adds two more degrees of freedom for two more terms 
in the molecular energy, for kinetic and for elastic potential 
energy. We have 

nC v =n{lRy \*2W\ 

and "C r = «f|^] = | 74.8 J/K | . 


Section 21.4 Adiabatic Processes for an Ideal Gas 


P21.26 


(a) I n an ad i abati c process py7 = P f Vj: 


P, =P, £ I =(5.00 atm)( ^ ) =| 139 atm | 


30.0, 

(b) The initial temperature is 

t _py _5.00( 1.013xl0 5 Pa)(l2.0xl0r 3 m 3 ) 
~nR (2.00mol)(8.314 J/mol-K) 

and similarly the final temperature is 

^ _P f V f _1.39( 1.013x10 s Pa)(30.0x HT 3 m 3 
Tf nR (2.00 mol)(8.314 J/mol ■ K) 


= 253 K 


(c) The process is adiabatic, so by definition, | Q = 0 

(d) For any process, AE- mt = nC v AT, 

and for this diatomic ideal gas, C v = —— = -R 
y-1 2 
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P21.27 


P21.28 


Thus, 


AE int =nC v AT 


=(2.00 mol) |(8.314 J/mol ■ k)J( 253 K-366 K) 
=1 -4.66 kj I 


(e) W = AE int -Q =-4.66kj-0= |-4.66kj | 

(a) pyr = P t vf so = 


P f ) 120.0J 


(b) t = w = p v =( 20 -°)( ai18 ) - x = l~235~| 


(c) Si nee the process i s ad i abati c, | Q = 0 | . 

(d) Since 7 = 1-40 ~ , C v = 

and AT = 2.357;. -T. = 1.357;,then 


AE int =nC v AT 

=(0.0160 mol )(Jj( 8.314 J/mol ■ K)[ 1.35(300 K)] 

=535n 

(e) W =-Q +AE int =0+135 J =| +135 J | 

(a) The work done on the gas is 

V b 

W ab = -j PdV 

For the isothermal process, 

W„=-nRT.UT]dV 

W„, =-nRr„lnf^j = HRrlnf^-j 

Thus, 

W ab , =(5.00 mol)(8.314 J/mol ■ K)(293 K)ln(lO.O) = f28.0 kj | 


© 2014Cengage Learning. All Rights Reserved. M ay not be scanned, copied or duplicated, or posted to a publicly accessible website, in wholeor in part. 



Chapter 21 1109 


P21.29 



(b) For the adiabatic process, we must first find thefinal temperature, 
T b . Si nee ai r consi sts pri mari I y of d i atomi c mol ecu I es, w e shal I use 

7 * = 1-40 and C„, air =® =20.8 J/mol ■ K 

Then, for the adiabatic process, 


•■il 


^ =(293 K)(lO.O) 0400 =736 K 


Thus, the work done on the gas during the adiabatic process is 
W*(-Q+AEj* ={-0+nC v AT) al =nC v (T„-T.) 
or w* =(5.00 mol )(20.8 J/mol ■ K )(736 K - 293 K) =| 46.0 kj 

(c) For the i sothermal process, we have P b ,V b , = P a V a . 

Thus, P b , =P B ^j =(100 atm)(l0.0) = | 10.0 atm] . 

(d) For the ad iabati c process, we have P b V b 7 = P a VJ. 

Thus, P b =P a ^j =(1.00atm)(10.0) 140 = j25.1 atm . 

Combining PV y =constant with theideal gaslaw gives one of the 
textbook equations describing adiabatic processes, T-y 7 ' 1 = T 2 y 2 7_1 . 

At/ V- 1 / -i \(1.40-1) _ 

T 2= T \y 2 ) =(300K)[|J :=g27g 
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P21.30 Use Equation 21.37 for an adiabatic process to fi nd the temperature of 

the compressed fuel-air mixture at the end of the compression stroke, 
before ignition: 

Tyi 1 = T f Vj~ l 
which gives 

T f =T t rp-j = (323 K)(14.5) 1 ' 40-1 = 941 K 

This is equivalent to 668°C, which is higher than the melting 
pointofaluminumwhichis 660°C. AI so, the temperatu re w i 11 
rise much morewhen ignition occurs. The engine will melt when 
put into operation Therefore, the cl aim of improved efficiency 
using an engine fabricated out of aluminum cannot be true. 

P21.31 We suppose the ai r pi us burnt gasol i ne behaves I i ke a d iatomi c i deal 

gas. Wefind its final absolute pressure: 

(21.0 atm) (50.0 cm 3 ) 7/5 =P f (400 cm 3 ) 7/5 
f 1 a 7 / 5 

P f =(21.0atm)f -j =1.14 atm 
Now Q =0 and W =AE int =nC v (T f — T f ), 

SO W =| nRT f -| nRT i =| (p f V f - Py) 

W =|[(1.14 atm) (400 cm 3 ) - (21.0 atm) (50.0 cm 3 )] 

=(-l 485 atm cm 3 )^ IQ13 ^^ n N/m2 j( 1( r 6 m 3 /cm 3 ) 
=-150 J 


y- 




y- 



50.0 c 

m 3 


400 cm 3 











1 





Before After 


ANS. FIG. P21.31 


©2014Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessiblewebsite, in wholeor in part. 

























Chapter 21 1111 


P21.32 


The output work i s -1/1/ = +150J 

Thetimefor this stroke is -f lmin ¥ 605 l = 6.00x 1 
4^ 2 500 A1 min J 


150 J 


(a) v; =K 


_-w_ 

Af 6.00 x HT 3 S 
2.50x 10" 2 m 


-= 125.0 kW| 


(0.500 m) =| 2.45x10 4 m 3 


(b) Thequantity of airwefind fromP ( V ( =nRT j \ 

^ _py. _(l.013x 10 5 Pa)(2.45x HT 4 m 3 ) 
n ~Ry (8.314 J/mol ■ K)(300 K) 
y= l9.97x 10~ 3 moT] 

(c) Absolute pressure=gauge pressure+external pressure: 

P f =101.3 kPa +800 kPa =901.3 kPa = 9.01x1$ Pa| 

(d) Adiabatic compression: pyj = P f VJ 


V =v\ A I =(2.45x 10r 4 m 3 )( 

f I e> I ' n 901.3 


V f = | 5.15 x 10r 5 m 3 | 

(e) P f V f =nRT f 


T f =T i 


' p y , 


Pf_l 2 


Vr 


=T,\y\ 


=300 K f^ 
f { 901.3 


P [P I 

(5/7-1) 


\ p f) 

■ | 560 K | 


(f) The work done on the gas in compressing it is W = A£ int = nC v AT: 
A £ int =W =nC v AT 

=(9.97x10 3 mol)|(8.314 J/mol ■ K)(560 K - 300 K) 
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(g) The pump wall has outer diameter 25.0 mm+2.00 mm+2.00 mm 
=29.0 mm, and volume 

[tt( 14.5xlOr 3 m) 2 -7r(l2.5x 1CT 3 m) 2 ] 

x (4.00x lCr 2 m) = |6.79xlQr 6 m 3 ] 


P21.33 


(h) The mass of the pump is given by 

pV =(7.86x 10 3 kg/m 3 )(6.79x 1(T 6 m 3 ) = [533g| 

(i) Now imagine this energy being shared with the inner wall as the 
gas is held at constant volume. The overal I warmi ng process is 
described by 

W 

AE int =W =nC v AT +mcAT -> AT =- 

nC v +mc 


Suppressing the units of R, 


AT 


_ 53 ^_ 

(9.97 x HT 3 mol)|(8.314) +(0.053 3 kg)(448J/ kg°c) 


= 2.24°C = 2.24 K 


(a) See A NS. FIG. P21.33(a) on the 
right. 

(b) Pyj = P c Vl 

3 py/ =pyi 

v c =(3 Vr )v;. =(3 5/7 )v; =2.i9v; 
y c =2.19(4.00 L) = | 8.77 L | 

(c) P B V B = nRT B = 3P l V i = 3nRT t 
T b =3T i =3(300K)= f900K | 


p 



(d) After one whole cycle, T A =T t = \^300K \ . 

(e) In4fi, Q ab =nC y AV =n(^|Rj(37;.-T i )=(5.00)nET i 

0 SC =0 as this process is adiabatic. 

P C V C =nRT c =P l [2.19V i )=[2.19)nRT i 
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P21.34 


so T c =2.197, , and 

Qca =nC p AT =n[^Rj( T t - 2.1%) =(-4.17 )nRT t 


For the whole cycle, 

Qabca =Qab +Qbc +Qca =( 5.00— 4.17)nRT i =[0.829)nRT t 

[ AE \nt) ABCA =0 =QaBCA +W ABCA 

Wabca =-Qabca =-(0.829)nRi;. =-(0.829)?^. 

W ABCA =-(0.829)(1.013x 10 5 Pa)(4.00x 1 Cr 3 m 3 ) = | -336J | 


(a) Refer to A NS. FIG. P21.34{a). 

(b) P B V B y = P c V 7 
3 pyy =py y c 
v c = |(3 Vy )v;.| 

(c) P B V B =nRT B =3P i V i =3nRT i 

T B = [%] 

(d) After one whole cycle, 

T a w |jg]. 

(e) For4fi, 



Qab =nC v AT =n - -AT =n - -(%-T-,) 

y — 1 y — 1 

Q bc = 0 as this process is abiabatic. 

P C V C =nRT c =P t (3 Vr )V t =(3 1/ )nRT ! soT c =(3 Vr )i; 


_ 2 nRT t _ 2Py 
y-1 y-1 


Q ca =nC p AT =nyC v [T i -(3 l7 )T i ] =y y^nT^l-(3 Vr )~\ 

For the whole cycle, 

Q„CA =Qab +Q,c +Qca + 0 + ^Krf^j[i- Jfr] 
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(aeJ 

Wabca 






=P,V, 


=p,v. 


- +11- 3 Vr 


7- 1 

(l-3 V7 )+| 


1 - 3 ^ 

7-1 


f 3- 3 Vy 

7-1 

abca = Qabca + W AB ca 


— Qai 


-py. 




132 m/s 


Section 21.5 Distribution of Molecular Speeds 
*P21.35 The most probable speed is 

_ [2kJ _ |2(l.38xl0r 23 J/K)(4.20K) _r 
Ump \ m 0 V 6.64 x 1(T 27 kg L 

P21.36 (a) The average is 

- 

u — 

2 >>- 

_ 1(2.00) +2(3.00) +3(5.00) +4(7.00) +3(9.00) +2(12.0) 
1+2 +3+4+3 +2 


rr/s 


i? = 16.80 rrV s| 

(b) To fi nd the average squared speed we work out 

2> 

^=fAVi(2.00 2 ) +2(3.00 2 ) +3(5.00 2 ) +4(7.00 2 ) 


u 2 =54.9 m 2 /s 2 


f3(9.00 2 )+2(l2.0 2 )m7s : 
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Then the rms speed is 

v ms = V? = V 54 - 9 m2 / s2 = 17.41 rr/ s| 

(c) M ore parti cl es have |z? mp = 7.00 m/ s| than any other speed. 

P21.37 (a) The ratio of the number at higher energy to the number at lower 

energy is e ~ AE/k,,r , where A E istheenergy difference. Here, 

AE =(10.2 =1.63X1^ 

and atO°C, 

k B T =(l.38x HT 23 J/K)(273 K) =3.77 x 1CT 21 J 

Si nee this is much less than the excitation energy, nearly all the 
atomswill bein theground state and the number excited is 

(2.70x =<2.70x 10-)^ 

This number is much less than one, so 
| al most al I of the ti me no atom is excited ,| 

(b) At 10000°C, 

k B T =(l.38x 1(T 23 J/K)(10 273 K) =1.42x 1 (T 19 J 
The number excited is 


2.70x 


lO^expj^ 


1.63x 1CT 18 


1.42 x 10 19 J 


=(2.70x lO 25 )^ 115 =| 2.70x IQ 20 


P21.38 (a) 


Kms,35 _ >/3R77 M 35 _ ( 37.0 g/mol V 2 _ 


pRTI M 37 [35.0 g/mol J 

(b) The I ighter atom, | 35 CI | , moves faster. 


- m 


P21.39 


(a) 


From u avg 



we find the temperature as 


*<6.64x10- kg)(l,12x 10* rrysf 2 37xl0 4 K 
8(l.38x 1(T 23 J/mol-K) 1 - 
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^ 10r27 kg)(2.37x 10 3 m/s) 2 

(b) T 8(l.38x 10" J/molK) 


=| 1.06x 10 3 K 


P21.40 For a molecule of diatomic nitrogen the mass is 

_ M _ 28.0x 10 3 kg/ mol 

m ° N a 6.02x 10 23 molecules/mol 
= 4.65x 1CT 26 kg/ molecule 


(a) 

(b) 

(c) 



1 2(1.38x lOr 23 )/ molecule- K)(900 K) 
\ 4.65xl(T 26 kg/ molecule 

| 8(1.38x lQr 23 J/ molecule- K)(900 K) 
]l n ■ 4.65x 1CT 26 kg/ molecule 

1 3(1.38x 10r 23 J/ molecule- K)(900 K) 
\ 4.65x 1(T 26 kg/ molecule 


1731 m/s| 

1825 m/|| 
1895 m/| 


(d) [The graph appears to be drawn correctly within about 10 m/s.| 

P21.41 (a) From the Boltzmann distribution law, the number density of 

moleculeswith heighty so that the gravitational potential energy 
of the mol ecu I e-Earth system is m^y is ng mo&ylkl? \ These are the 
mol ecu I es w i th hei ght y, so th i s i s the nu mber per vol u me at 
heighty as a function ofy. 

(b) n ^ =e - m ogy/h T =e ~ M Syl^ A h T — e ~Mgy/RT 

n 0 

_^-(28.9xl(r 3 kg/mol)(9.8 nVs^llxlO 3 m)/(8.314 J/mol K)(293 K) 

=e- 1279 = | 0.278 | 


dN 

P21.42 In the Maxwell-Boltzmann speed distribution function take —- = 0 to 


dv 


find 



and sol vefor v to find the most probable speed. Reject as solutions 
v =0and v = °°. They describe minimally probable speeds. 
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P21.43 


Retain only 2~^- = 0. 

k B T 

Then, y mp = 

It is convenient in the following to define a = . 

k B T 



(a) We calculate 

^ e -mw/hT dy Jj e -ay dy = j e -«y(_ fldy )f_rj 

0 0 y= 0 V fly 

Using TableB.6in the appendix, 


Then, 




j ^* jv,r 


je- ay dy 


1 k E T 


ya a m 0 g 


k B T _RT _ (8.314J/mol K)(283K) 


yavg (M/N A )g Mg (28.9x10 3 kg)(9.8m/ 


= 8.31 km 
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Additional Problems 

N 

2 >, 

P21.44 (a) The average speed is given by u avg = 

which may be solved numerically for the values given. 
Suppressing units, 


[(3.00) +(4.00) +(5.80) +(2.50) +(3.60) +(1.90) +(3.80) +(6.60)] 
8 


31.2 km/ s 
8 


=| 3.90 krrV s| 


(b) Therms speed of the molecules is given by v ms = \- [ — 

\ N 

which may be solved numerically for the values given. 
Suppressing units, 


S’? 

r 


_ [(3.00) 2 +(4.00) 2 +(5.80) 2 +(2.50) 2 +(3.60) 2 +(190) 2 +(3.80) 2 +(660) 2 ] 

V 8 

_ |[(9.00) +(16.00) +(33.64) +(6.25) +(12.96) +(3.6l) +(14.44) +(43.56)] 

V 8 


4 


139.46 km 2 / s 2 


8 


=^/17.43 km 2 / s 2 =|4.18krrVs| 


P21.45 (a) Thetotal amount of oxygen in thetank is (using PV =nRT) 

_PV _ (l25atm)(6.88L) 


RT (0.0821 L ■ atm/ mol ■ K )(21.0°C +273) 


=35.6 mol 
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P21.46 


The rate at which the tank is being depleted (in moles/ sec; again 
usingPV =nRT) is 

_ (l atm)(8.50 L/ min)(lmin/ 60sec) 

“(0.082 1L ■ atm/ mol ■ K )(21.0°C +273) 

=0.005 87 mol/ s 


The time interval to deplete the tank isthe total molar mass 
divided by the molar rate: 


At =n/[An/ At) = 


35.6 mol 


lh 


5.87x1 (T 3 mol/ s^3 600 sy 


~ |~1.70~h~| 


(b) Because therms speed is dependent only on the molecular mass 
and the temperature, i.e., 



and because the masses of the molecule inside and at the outlet 
are the same, and the temperatures are the same (21.0°C), the rms 
speeds will be identical: the requested ratio is equal to |1.00| . 


^ PV (1.013x 10 5 Pa)(4.20 m)(3.00 m)(2.50 m) 

(a) n = W = - (8.314 J/molK)(293K) - = L31xltfm °' 

N =nN A =(l.31xl0 3 mol)(6.02x 10 23 molecules/mol) 

N = | 7.89x 10 26 molecules] 

(b) m =nM =(l.31x 10 3 mol)(0.0289 kg/mol) =1 37.9kg I 


(c) -m 0 v 2 =-k B T =-(l.38x 1(T 23 J/k)(293 K) = |6.07x10 21 j] 


2 u 2 b 2 v 

(d) For one molecule, 

M 0.0289 kg/mol 


0 N a 6.02x 10 23 molecules/mol 

j3kT _ |2(6.07x 1CT 21 J/molecule) 
4.80x 1CT 26 kg/molecule 


=4.80x 1(T 26 kg/molecule 


= 503 m/s 


(e) I 
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P21.47 


(f) 


When thefurnace operates, ai r expands and some of it 
leaves the room. The smal ler mass of warmer ai r left i n 
the room contains the same internal energy as the cooler 
air initially in the room. 


(a) The rms speed of mol ecu I es i n a gas i s rel ated to the temperatu re 
by 



which can be rearranged and solved numerically for the 
temperature: 

T _raz? 2 ms _32(l.66x 1(T 27 kg)(535 m/ s) 2 
3k 3(l.38x 1CT 3 J/ k) 

= \3&7K] 


(b) The rms speed is inversely related to the mass of the gas molecule 
(the mass is i n the denomi nator of the square-root function 
above). [The rms speed of nitrogen would be higher becausethej 
|molar mass of nitrogen is less than that of oxygen.) 

(c) The rms speed of the nitrogen molecules is: 


3 kT _ /3( 1.38x lCT 23 J/K)(367 K) 
28(l.66x 1CT 27 kg) 


= | 572 rrV s| 


P21.48 (a) The mean free path is given by: 


V2 nd 2 N v 


which can be solved numerically (noting that the pressure must 
be given as total pressure, not gauge pressure, and the 
temperature must begiven in kelvins). Using PV =nRT\ 


N v =N a 




(a 


(100 atm+latm)( 1.013x10 s N ^ 2 ’ 
' (8.314J/ mol K)(25.0°C +273.15°) 
=2.48x 10 27 molecules/ m 3 


=(6.02xl0 23 mol 
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which can then be inserted into the mean free path equation: 


j2nd 2 N v V2^(2.00xl0r 10 m) 2 (2.48xl0 27 mol/m 3 ) 
= |2.26x 1CT 9 m] 

(b) The average time interval between collisions is the inverse of the 
collision frequency: 



which can be solved numerically (w here the value of v^ e is 
obtained from eqn. 21.26): 


2.26x 1(T 9 m 


8( 1.38x 1(T 23 J/K)( 298.15 K) 
7T-32(l.66x 1(T 27 kg) 

2.26x 1CT 9 m 
' (444.1 m/ s) ' 


5.09x 1(T 12 seconds 


P21.49 For the system of the bullet, Equation 8.2 becomes 

W onbullet = A K 

For the system of the gas undergoi ng an adiabatic process, so that Q = 
0, Equation 8.2 becomes 

W ongas = A £ int 


Recognizing that bullst = -W ongas , weseethat 
A £ int = -A K 

Substituti ng for the i nternal energy, we fi nd 

nC v AT =-A K 

n^jRjAT =-AK ^nR[T f - T t ) =-AK 

Now use Equation 21.20 to substitute for T f : 


f vV 1 

T T 

l v f) 

l i lj 
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The final volume of the gas isequal totheinitial volume plusthe 
vol ume of the rifle barrel: 

V f =V t +Ah =12.0 cm 3 +(0.0300 cm 2 )(50.0 cm) =13.5 cm 3 
Substituting numerical values, 


(0.00110 kg)(120 m/s) 2 


5(12 X 1(T 6 m 3 ] 

r -3 \ 0.400 "1 

f 12.0 cm 3 ^ 

[ 13.5 cm 3 J 

5.74 x 10 6 Pa =1 

56.6 atm | 


P21.50 (a) For a pure metal lie element, one atom is one molecule. Its energy 

can be represented as 



Its average value is 

hi B T +hi B T +^k B T +^k B T +hi B T =3k B T 

The energy of one mole is obtai ned by multiplying by Avogadro's 
number, E int / n =3RT, and the molar heat capacity at constant 
volume is EJ nT =3R. 

(b) Wecalculatethespecificheatfrom 

3(8 - 314J/ ■ K > = {55.845x lCT^kg)' K 

■ji jrfaTi s agrees With the tabulated value of 448J/, kg. . ' 
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P21.51 


(c) For gold, 

3(a314J/ m ° l ' K > >7 3 Sg).K 

jThis agrees with the ta bulated valueof 129J/ kg • °C withirf2%. : > 
(i) (a) P f = | 100 kPa | 


_ 2.00 mol (8.314 J/mol ■ K)(4Q0 K) 5 m 3 

100 X10 3 Pa 1 - 1 


(c) T f = 400 K 


(d) AE int =UiRAT (2.00 mol )(8.314 J/mol • K)(l00 K) 

= | 5.82 kj | 

(e) Q =nC P AT =|(2.00 mol)(8.314 J/mol ■ K)(100 K) 

= |]7.48 kj | 

(f) w =-PAV =-nRAT =-(2.00 mol)(8.314 J/mol ■ K)(l00 K) 

= i -jtggj 

(ii) (a) For an isovolumetric process: 

T f T; 

-> P, =P, ^ = (LOOx 10 5 Pa)(f§£) = fl33kPal 

(b) 

_(2.00mol)(8.314j/mol K)(300K) = m 3 
100x 10 3 Pa 

= | 49.9 L | 

(c) T f = 400 K | 
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(d) A£ int = —nRAT = I 5.82 kj I as in (i) part (d). 


(e) Q =nC v AT =^nRAT =^(2.00 mol)(8.314 J/mol ■ K)(lOO K) 


(f) W = - J PdV = |S] si nee V = constant 

(iii) (a) P f = I 120 kPa I 


(b , 


( C ) T f =T i = | 300 K | 

(d) A E int = |nRAT = [5] si nee T = constant 

(e) From (f), Q = A£ int - W = 0- 909J = I -909J I 


r e dV V f 

(f) W = -\ PdV = -nRT f — = -nRT In -M = -nRT In 
J ' J v 'vl 


W =-(2.00mol)(8.314 J/mol ■ K)(300 K)ln( 


(iv) (a) P f = | 120 kPa | 


P f vj - pyj , so 

v.-v/if =(49.9L)fi^f 
f ' P f v \120kPaJ 


(c) PV = nRT - 
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P21.52 


P21.53 


> T r =T {w) = < 300K )I 


120 kPaY 43.3 L > 
100 kPaJt49.9 L J 


= |312 K| 


(d) A£ int =^nRAT =^(2.00 mol)(8.314 J/mol ■ K)(l2.4 K) 

=^22T 


(e) Q = 0 

(f) w =-Q +AE int =0 +722 J =1 +722 J I 


(a) The pressure increases as volume decreases (and viceversa), so 


dV/dP is always negative. 

In equation form, ^ <0 and -(^)(^] 


(b) For an ideal gas, V = 


and 


>0 

1 d InRT \ 
V dP\ P I 


For isothermal compression, T is constant and the derivative 
gives us 

nRTf-l) 1 

Kl V L-P 2 J P 

(c) For an adiabatic compression, PV y = C (where C is a constant) 
and we evalu ate dV/dP as follows: 


= (lW(cr J_!_) C Vy 

\vldp\pl {Vy )(p v ? +1 ) 


V_ = ± 

VyP yP 


(d) k x -- 


P (2.00 atm) 


C 5 

(e) For a monatomi c i deal gas, y = = -, so 

k 2 =+ = r - - -4 0.300 atm 1 I 

r p |(2.00 atm) - 


The pressure of the gas i n the I ungs of the diver must be the same as 
the absol ute pressure of the water at this depth of 50.0 meters. This is: 

P =P 0 +P8 h 

=1.00 atm+(l.03xl0 3 kg/m 3 )(9.80 m/s 2 )(50.0m) 
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P21.54 


P21.55 


(b) 


or P =1.00 atm +5.05x 10 5 Paf —1 =5.98 atm 

l 1.013 x 10 5 PaJ 

If the partial pressure due to the oxygen in the gas mixture is to be 1.00 
atmosphere (or the fraction ofthetotal pressure), oxygen 

molecules should make up only ofthetotal number of molecules. 

This will be true if 1.00 mole of oxygen is used for every 4.98 mole of 
helium. The ratio by weight is then 

(4.98 mol He)(4.003 g/mol He)# , ■ 

(1.00 mol 0 2 )(2x 15.999 g/mol 0 2 )# ^-1 


Su Ifu r d i oxi de i s the gas w ith the greatest mol ecu I ar mass of 
those listed. If the effective spring constants for various chemical 
bonds are comparable, S0 2 can then be expected to have low 
frequencies of atomic vibration. Vibration can be excited at lower| 
temperature than for the other gases. Some vibration may be 
going on at 300 K. With more degrees of freedom for molecular 
motion, the material has higher specific heat. 


1.20 kg 


M 0.0289 kg/mol 


- = 41.5 mol 


2.06 m 3 


la) r - wRT - - (4L5mo1 X 8 - 314j / mo1 K X 298K ) -rosrny 

P t 200x 10 3 Pa - 

^ = ^1 so V f =V l ( P A =(0.514m 3 )f—] =[ 

Pi J7, f '{Pj ' 200 J L 

(c) T ~ PfVf ~ (4Q ° Xltf Pa H Z06m3 ) , -I 2 . 3 o :: iq3 k I 
f nR (41.5 mol)(8.314 J/mol ■ K) I-1 

(d, w=- V jpiv=-c]v^iv=-(^)^i V ' 


J 3 


=-f M v r- v ?) 


.1 \JL 

3{V? 

2 f 200 x 10 3 Pa 
3^ Vo.514 m 3 


[(2.06 m 3 ) 3/2 - (0.514 m 3 ) 3/2 ] =| -480 kj 
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P21.56 


(e) AE int =nC v AT =(41.5 mol)[|(8.314 J/mol ■ K)j(2.38x 10 3 - 298) K 
=1.80x ltf 5 J 


Q =AE int - W =1.80x 10 6 J +4.80x 10 5 J =2.28x Id 5 J = | 2.28 MJ 

(a) Begin with Equation 17.8and substitute the definition of bulk 
modulus from Equation 12.8: 



Now substitute using Equation 21.37 with the constant on the 
right hand side represented by K : 



jyP _ lynRT _ ly(m/M)RT _ lyRT 
\ p ~yp V V m v M 


(b) 


1.40(8.314 J/mol ■ K)(293 K) 
0.0289 kg/mol L 


344 m/s 


[This agrees within 0.2% with the 343 m/s listed in Table 17.1.| 

(c) We use k B = — and M = mJS ] A : t> = = - 

N a V M y ; 


l yk B N A T _ l yk B T 
moN A y m 0 


(d) 


The most probable molecular speed is 

■ |8c r T . . . [3ET 

is —-—, and the rmsspeed is — 2 _ 

\ OT o 


, the average speed 


P21.57 


The speed of sound is somewhat less than each measure of 
molecular speed. Sound propagation is orderly motion overlaid 
on the disorder of molecular motion. 


(a) 


The average speed \/ avg is just the weighted average of all the 
speeds. 

_ 2(v) +3( 2v ) +5( 3v ) +4( 4v ) +3( 5v)+2[Gv) +l( 7v) 
Uavg 2-F§jpf-4+3+2+l 

= [3mT\ 
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P21.58 


P21.59 


(b) First find the average of the square of the speeds, 

2 [vf +3(2 vf +5(3 vf +4(4 vf +3[5vf +2(6i ’) 2 +l(7y ) 2 


(vX, 


2 + 3 + 5 + 4 + 3 + 2+1 

=15.95z; 2 

The root-mean square speed is then y rms = ^{v avi< f = | 3.99i> | 

(c) The most probabl e speed i s the one that most of the parti cl es 
have; i.e., five particles have speed I 3.00v I. 


(d) PV = -Nm 0 vl 


Therefore, P 


_20[m 0 (l5.95)z7 2 ; 
' 3 V 


106 


m 0 v 

V 


(e) The average ki neti c energy for each parti cl e i s 
K =^m 0 vl =|m 0 ( 15.95u 2 ) = | 7.98 m Q v 2 \ 

(a) For the adiabatic process PV r =k, a constant. The work is 


W = -\ r PdV = -k\ V ’ — = Z^iL 
Ji JV { yr 1 - y 


p f vjv}~ r - py/vX py f - py 


f v f - 


1-y 7 - 1 

(b) For an adiabatic process AE int =Q +W and Q = 0. Therefore, 

W =A£ int =nC v AT =nC v (t ; - T ; ) 

(c) 


The expressions are equal becausePy =nRT and 
7 =(C V +R)/ C v =1 +R/ C v giveP =(7 -1 )C V , so 
PV = n [y - 1 )C V T and PV/ (7 - 1) =nC v T. 


(a) AE int =Q +W =0 +W -+ W =nC y (i) - T l ) 

-2 500J =(lmol)(Jj(8.314 J/mol ■ K)^ - 500 k) 


T f = 300 K 
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P21.60 


TJPl~ y = TfPj~ r 
T 7/(r- 1 ) jj/h- 1 ) 


P f =P i \^ L 


P f =P\ — 


r/(r- 1) 


(?3)(¥2) 


={3.60 atm)^] 5 ' 2 = | LOO atm | 


(a) The process i s ad i abati c: 

AE int =Q +W =0 +W W =nC v (r f - T t ) 

For an ideal gas, 

w=»c,(r / -T,)mjR(r / -r,) 

Sol vi ng for fi nal temperature, we get 
T,= [l 


T l+ ™ 
3 nR 


(b) PV7 = P f V. 


f v f 


”( nRTi ) r ~P r RTf 


X Pi J 


\ Pf 


T r/(r-i) jr/(r- 1 ) 


p f =# 


f 1 f 

r/(r-i) 


where y = = - for an ideal gas, and —= 

C v 3 7-1 |_i 
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*P21.61 


Substituting this and the result from part (a) gives 

, 2 w f /2 


3 nR 


3 nRT 


(a) Let cf = 2r represent the d i ameter of the parti cl e. I ts mass i s 


4 f dy _ pnd 3 


m = pV = p—nr = p-j r - = 


3 12 


Then -mv 3 ms = -kT gives 


pnd~ 


v = 3kT 


_( 18kT "| V2 f 18(l.38x 1 (T 23 J/ K )(293 K) 
Urms \pnd 3 ) [ k (1 000 kg/ m 3 ) 

=|(4.81xlQr 12 )r^] 

where v rms is in meters per second and cf is in meters, 
(b) v = d/ At -> (4.81x HT 12 m 5/ 2 / s)d 3,2 = d/ At 

Ai _ d 

(4.81 x 10~ 12 m 5/2 / s)d~ 312 

= |(2.08xl O 11 )^ 

where At is in seconds and cf is in meters. 

( C ) v -{ 18kT ) V2 J 18(l.38xl(r 23 J/K)(293K) T 
C Urms [pTtd 3 J [(l000kg/m 3 )^(3xl(r 6 m) 3 J 
= [0.926 mm/s | 

3x lQr 6 m r—,— 


v- — —> At = — = - 

At v 9.26x 10 m/s 


(d) 70kg =( 1000 kg/m 3 ) 


nd 3 


d =0.511 m 


_( 18 kT f _( 18(l.38x 10- 23 J/ k)( 293 K'^ 2 
Urms { pnd 3 ) { (1000 kg/m 3 )^r(0.511m)- 

= | 1.32x Id 11 m/s | 
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P21.62 


- 0-511 m - i 3 88x 10 10 s I = 1230 yr 

1.32 xlCT 11 m/s 1 - 1 y 

This motion is too slow to observe. 

(a) Maxwell's speed distribution function is 

N. =4ttn( v ^~^ 2 /^ b t 
v {2nk B T) 


With N= 1-OOxlO 4 , m 0 = —— 
N a 


0.032 kg 
6.02 xlO 23 


= 5.32 x 10r 26 


kg, 


T =500 K, and k B = 1.38x 10 -23 J/molecule- K, this becomes 
N v =(l.71x lOr 4 )^ 385 * 10 ^ 

ANS. FIG. P21.62(a) below is a plot of this function for the range 
0<v< 1500 m/s. 

N(s/m) 



ANS. FIG. P21.62(a) 

(b) The most probable speed occurs where N v is a maximum. 
From the graph, I v mp « 510 m/s I. 


(c) 


|8(l.38x HT 23 J/ molecule- k)(500 K) ,-, 

- ,r(5.32x KT 26 kg) -=1 575 ^ I 
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Also, 

3(l.38x lCT 23 J/ molecule- K)(500 K) 
5.32xlO- 26 kg 

= | 624 m/s | 

(d) The fraction of particles in the range 300 m/s < v < 600 m/s 
is 



600 

J N v dv 

,'kb _ f 

N 

where/V = 10* and the integral of N v is read from the graph as the 
area under the curve. This is approximately the area of a large 
rectangle 11 s/ m high and 300 m/ s wide [corners at (300, 0), 

(300,11), (600,11), and (600, 0)], plus a smaller rectangle 5.5 s/ m 
high and 100 m/ s wide [corners at (500,11), (500,16.6), (600, 

16.5), and (600,11)], plus a triangle 5.5 s/ m high with a 200 m/ s 
base [vertices at (300,11), (500,16.5), and (500,11)]: 

(11)(300) +(5.5)(100) + (V 2)(5.5)(200) =4400 
and the fraction is 0.44 or | 44% | . 

P21.63 For the system of the ball and the air, Equation 8.2 gives us, 

A K +AE int =0 


Substitute for the internal energy and solve for the temperature 
increase of the air: 


A K +nC v AT =0 -» 


-A K 




2MA K 
5 mR 


Express the mass m of the ai r in terms of the density and vol u me of the 
cylinder through which the ball passes, and evaluate the change in 
ki neti c energy of the bal I: 

AT = _ 2MAK = - j”W 2 ) 

5 pVR 5 p[nr 2 l)R 

5 npr 2 £R 
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P21.64 


P21.65 


Substitute numerical values: 


(28.9 x 1(T 3 kg/ mol)(0.142 kg)[(47.2 m/ s) 2 - (42.5 nrV s) 2 ] 
5 tt(i. 20 kg/ m 3 )(0.037 0 m) 2 (l6.8 m)(8.314 J/ mol ■ °C) 

= 10.480°C | 


(a) The I atent heat of evaporati on per mol ecu I e i s 


>430j/g =(2430 j/gift'll 


1 mol 


lmol A6.02X10 23 molecule 


=| 7.27x1(1 20 J/ molecule) 


I f the mol ecu I e i s about to break free, we assu me that it possesses 
the energy as translational kinetic energy. 

(b) Consider one gram of these molecules. From K = ^mv 2 we obtain 



12(2 430]) =Z 20x 10 3 m/ s =|2.20km/s| 
]j 1CT 3 kg 1 - 1 


(c) 


The total translational kinetic energy of an ideal gas is |nrT, so 
we have 


(2 430J/ ) =|(1 mol K&314J/ mol K )r 

which gives 

T = 1 3.51 x 10 3 k] 

(d) 


(a) 


The evaporati ng particles emerge with much less kinetic energy, 
as negative work is performed on them by restraining forces as 
they leave the liquid. Much of the initial kinetic energy is used 
up in overcoming the latent heat of vaporization. There are also 
very few of these escapi ng at any moment i n time. 

_PV _(1.013x 10 5 Pa)(5.00x 1 (T 3 m 3 ) 

U ~KT (8.314 J/mol K)(300 K) 

=| 0.203 moT] 


(b) r, =t a A] =(3oo k(|^) = r3QQi<§ 
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(c) T c = T b = | 900 K | 


(d) 


Vc=^{|)=( 5 .°° l (^)-^o3 


P(atm) 



ANS. FIG. P21.65 


(e) 


A->B: lock the piston in place and put the cylinder into an oven 
at 900 K, gradually heating the gas. B -»C: keep the sample in 
the oven whilegradually letting the gas expand to lift a load on 
the piston as far as it can. C ->A: carry the cyl inder back i nto the 
room at 300 K and let the gas gradual ly cool and contract with¬ 
out touchi ng the piston. 


(f) For/4->B: W = [0] 


A E int =nC v AT =n^RAT =Q +W 
A £ int =(0.203 mol )(f)(8-314 )/ mol ■ K )(600 K ) = | 1.52 kj | 
Q =AE iIt - W = [~L52~kP| 

For B^C : AE int = [o] , because AT =0; 


W=-nRT B In^J 

W =-(0.203 mol)(8.314 J/mol ■ K)(900 K)In(3.00) 
V[-1.67kjj 
Q =A£ int - W = | 1.67 kj | 
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For C ->A : A£ int = nC v AT 

A£ int =(0.203 mol)(Jj(8.314J/ mol ■ K)(-600 K)j 

= Pl52kH 

W =-£AV =-nRAT 

=-(0.203 mol )(8.314 J/mol ■ k)(-600 K) 

= | 101 kj 

Q = AE int - W = -1.52 kj -1.01 kj = | -2.53 kj | 

(g) We add the amounts of energy for each process to fi nd them for 
the whole cycle. 

Qabca =+1-52 kj +1.67 kj - 2.53 kj = | 0.656 kj | 

Wabca =0-167 kj +1.01 kj = | -0.656 kj | 

=Qasca +'Aabca =+1-52 kj +0-1.52 kj 
For any cyclic process, AE int = 0. 

P21.66 (a) The effect of I arge centri petal accel erati on i s I i ke the effect of a 

very high gravitational field on an atmosphere. The result is: 

| The larger-mass molecules settle to the outside | while the region 
at small err has a higher concentration of low-mass molecules. 

(b) Consider a single kind of molecule, all of massTocausethe 
centripetal acceleration of the molecules between r and r + dr, the 
inward force must increase with increasing distance from the 
center according to ^P r = m^ r . Taking the positive direction 
toward the center of the centrifuge, we have 

[P +dP)A-PA =n v [rrioAdr)[ rco 2 ) 

where n v =n v (r) =N/V , the number of molecules per unit 
volume, isan implicit function of r, and A is the area of any 
cylindrical shell of thickness dr and radi us r. The equation 
reduces to 

dP = n v m 0 (o 2 rdr [1] 
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P21.67 


But also within any small cylindrical shell, 


PV =Nk B T -» P 




k„T 


—> dP =d\^jk B T =d(n v )k B T =dn v k B T 

Therefore, equation [1] becomes 

j 7 rj-i 2 J dWv OT 0 ® 2 

dn v k B T = n v m 0 cordr —> —— r “ r 

n y k B T 

giving f — = if rdr , where n v (r =0)=n 0 . 

“ o n v k B T J 0 

Integrating, we find 


ln M! 


— -> In — 


n y _m 0 co 


and solvi ng for n = n v ,\Ne have n = n 0 e m ° r2 ® 2 ^ 


2jik B T 


[v) =4tn( m ° I y 2 exp[ mpz; |, whereexp(x) represents^ 


Note that = 


Thus, N b (u) 


= 4* N f^!o_f 

^Jt B T J 


and 

For 


N [v) J v "j e (i-^) 

■^v[ V mp) v ^ m P v 
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The other values are computed similarly, with the following results: 



V 

N» 


^mp 


(a) 

1 

1.09 x Id 3 

50 


(b) 

1 

10 

2.69 x Id 2 

(c) 

1 

2 

0.529 

(d) 

1 

1.00 

(e) 

2 

0.199 

(f) 

10 

1.01 x Id 41 

(g) 

50 

1.25 x Id 1082 


To find the last value, we note: 

(50) V - 2500 =2 50d“ 2499 

lQlog2500 g (lnl0)(-2499/lnl0) _-^Qlog 2 500^-2 499/In 10 _2Qlog2500-2499/lnl0 
= 10 -1081.904 =10 0.096 xl0 -1082 

P21.68 (a) The energy of one molecule can be represented as 

\ m Q V l + \ m 0 V ] + ^ m 0 V l +^ lc0 x +^ ICO z 

Its average value is 

h B T +lk B T +^JLT +lk B T +\kj =^k B T 

2 B 2 B 2 B 2 2 B 2 

The energy of one mole is obtai ned by multi piyi ng by Avogadro's 
number, E int / n = ^RT. 

And the molar heat capacity at constant volume is 

E;JnT = ^A 
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(b) The energy of one molecule can be represented as 

^m 0 v* +-^m 0 Vy +^m 0 v 2 z Ico 2 Icq* 

Its average value is 

-k B T +-k B T +-k B T +-k B T +-k B T +-k B T =3 k B T 

2 B 2 B 2 B 2 B 2 2 B 

The energy of one mole is obtained by multiplying byAvogadro's 
number, EJn =3RT. 


(c) 


And the molar heat capacity at constant volume is EJn T = [3R|. 

Let the modes of vi bration be denoted by 1 and 2. The energy of 
one molecule can be represented as 


y m o{ V X + 0 V y + V l )+ + 


5^rd 


►M +6 


fivl'a + -kx 2 


Its average value is 

-k B T +-k B T +-k B T +-k B T +-k B T +-k B T +-k B T =-k B T 

2 b 2 B 2 2 B 2 B 2 2 2 B 


The energy of one mole is obtained by multiplying byAvogadro's 

g 

number, £ int / n = -RT. 


And the molar heat capacity at constant volume is 

E int / wT = ^pj. 

(d) The energy of one molecule can be represented as 

+0 V ] +V z) + ^ I( °x +^®z +^®y 

+(j/^rd + \ kx2 \ 

Its average value is 

-k B T +-k B T +-k B T +-k B T +-k B T +-k B T = 5 k B T 

2 b 2 B 2 2 B 2 2 B 

The energy of one mole is obtained by multiplying byAvogadro's 
number, EJ n =5 RT. 


And the molar heat capacity at constant volume is EJ nT = [5R]. 
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P21.69 


P21.70 


(e) 


M easu re the constant-volume specific heat of the gas as a 
function of temperature and look for plateaus on the graph. 

If the first jump goes from |Rto ^R, the molecules can be 

diagnosed as linear. If the first jump goes from |r to3R, 

the molecules must be nonlinear. The tabulated data at one 
temperature are insufficient for the determination. At room 
temperature some of the heavier molecules appear to be 
vibrating. 


(a) First find v 2 as v 2 = — lv 2 N lt dv. Let a = -^~. 

N { 2k R T 


Then, v 2 = 


-_ [ANn^ 2 a 312 ] 


]v A e-^ = [Aa 3 ' 2 ^ 2 ] 


3_ \k 3 k R T 

8 a 2 


The root-mean square speed is then v rms = Jv 2 = 


(b) To find the average speed, we have 


1?,,, (4N«*V v2 )r 4a*K-* 

= Ni vN ’ dv — n — r e dv= -2^~ 


We want to evaluate— for the function implied by 

dV 

PV =nRT =constant, and also for the different function implied by 
PV r = constant. We can use implicit differentiation: 

From PV = constant P—+V—=0 

dV dV 


(a 


From PV y =constant PyV r ~ 1 +V 7 —= 0 

dV 


dP) __yP 
dvL^~ V 


Therefore, 

The theorem is proved. 


f -1 = r (-1 

'Uvj, 
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P21.71 (a) Thenumberof molecules in the pot is given by 

/innm /100 mol Y6.02x 10 23 molecules"! 

(1000 ° g \^ao^ A--J 

= 1^3.34 x 10 26 molecules | 

(b) Each day, of theoriginal molecules are I eft in the pot. Let us 
find out how many days are required for there to be one molecule 
left. We solve the foil owing equation for n d , the number of days: 

Number left =1=(A)”'N -> 1 =(i)"' 

whereA/ istheoriginal number of molecules. Take the logarithm 
of both sides: 


log A =-logN = log(^ = n ri log(^) = -n ri logl0 = -n d 
-> n d = log N 

Substitute the numerical valuefor N : 
n d =log(3.34x 10 26 ) =26.5 

Therefore, the last molecule is ladled out after the 26th day and 
so during the 27th day. 


P21.72 


(c) The soup is this fraction of the hydrosphere: 

Therefore, today's soup likely contains this fraction of theoriginal 
mol ecu I es. The nu mber of ori gi nal mol ecu I es I i kel y i n the pot 
again today is 

( L^I^kg)^ ,34x 1(?6 molecules ) 

= | 2.53xltf molecules | 

(a) Consider the mol ecu I e-Earth system to be isolated. Treat an 
escaping mol ecu leas going fromr =R E , v =\/ 0 , tor =«, \/ =0: 


10.0 kg "| 
1.32 xlO 21 kg y 


A K +A U =0 




_Gm 0 M 

Re 
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P21.73 


Si nee the free-fall acceleration at the surface is, g = — 2 -,thiscan 

also be written as: \m 0 v 2 = GmpM = I w 0 gR E I 
2 R e 

(b) For0 2 , the mass of one molecule is 

0.0320 kg/mol m-asi / , , 

m 0 =- 55 -— ; -- = 5.32 x 1CT kg/molecule 

6 . 02 x 10 23 molecules/mol 7 


( 3k T\ 

Then, if m 0 gR E = 101 —I, the temperature is 

mo gR E _(5.32xl0r 26 kg)(9.80 m/s 2 )(6.37x 10 6 m) 
15fc B 15(l.38xl0r 23 J/mol■ k) 

=1 1.60x 10 4 K I 


(a) For sodium atoms (with a molar massM =23.0g/mol): 



(b) 


_ fMT _ 13(8.314 J/mol ■ k)(2.40x HT 4 k) 
Urms “'VlvT \ 23.0x 1(T 3 kg 

= | 0.510 m/s] 



0.010 0 m 
0.510 m/s 


= 19.6 ms « | 20 ms 


Challenge Problems 

P21.74 (a) The average value of a collection of particle speeds is 

N 

!>,- 

l ’ ,vs = N 

Use this equation to find the average for the two speeds given in 
the problem: 

v,+v 2 av +(2-a)v 
V =—i - — -2-— = V 

avg 2 2 ay S 
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(b) Therms average value of a col lection of particle speeds is 


ivf 



U se thi s equati on to f i nd the square of the rms average for the 
two speeds given in the problem: 

^ JaU 2 -#- 3 )^] 2 

rms 2 2 

=^[^+(4-4 a+a 2 )] 

=vf vg (2-2a+ap) 

=^vg( 2 - 2a+a2 ) [!] 

(c) The graph of (2 - 2a +a 2 ) versus a appears below, over the range 
of possible values 0< a < 2. 

2-2a+ a 2 



ANS. FIG. P21.74(c) 

Because the factor (2-2a +a 2 ) is generally larger than 1, equation 
[1] tel Is us that Wms >\/avg except at one point i n the graph. 

(d) Fromthegraph, weseethat that iw =v av g when thefactor 
(2-2a +a 2 ) =1, which occurs at \a = l\ . 

P21.75 Let the subscripts "1" and "2" refer to the hot and cold compartments, 
respectively. The pressure is higher in the hot compartment, therefore 
the hot compartment expands and the cold compartment contracts. 
Because the wal I s of the cyl i nder are i nsu I ati ng, the total i nternal 
energy of the system must remain constant: 

A£ in t =G 

AE intl T AE int 2 = 0 
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nC v AT-l +nC v AT 2 =0 

(t v - r„) +(t 2/ - r 2( ) =o 

T lf + T v = T u + T 2i = 550 K + 250 K = 800 K [1] 

Consi der the ad i abati c changes of the gases. 

P v n = Pi f Vi f and P 2t VZ = P 2f Vl f 


or 


Mi-Mk 

p^L p 2 f vi f 


The initial volumes are equal: V h = V 2i .Applying the particle in 
equilibrium model to the piston, the final force on each sideofthe 
piston must be the same, and the areas on each side are equal, 
therefore Py - P 2 f .The equation simplifies to 


V 2j 

Using the ideal gas law: 

nRTJVy J nRT lf /P lf 
nRT 2l /V 2i {nRT 2f /P 2f 

Simplifying, this gives 


since V lt = V 2l and P lf ~ P 2f ' substituting values, we get 

Solving equations [1] and [2] simultaneously gives 
| T lf = 510 K, T 2f = 290 K | 


[ 2 ] 
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lNSWERS to even-numbered problems 


P21.2 

P21.4 

P121.6 


(a) 8.76 x 10 21 J; (b) For helium, i/ rms = 1.62 km/ s and for argon, 
i/ rms = 514 m/ s 

3.21 x 10 21 molecules 
3 PV 
2 KN a 


P21.8 

P21.10 

P21.12 

P21.14 

P21.16 

P21.18 

P21.20 

P21.22 

P21.24 


P21.26 

P21.28 

P21.30 


P21.32 

P21.34 


P21.36 

P21.38 


2.78x 1(T 23 kg. m/s 
501K 


(a) 385 K; (b) 7.97 x 10 21 J; (c) the molecular mass of the gas 
(a) 1/1/ = 0; (b) AE int = 209J; (c) 317 K 
(a) 118 kj;(b) 6.03 x 10 3 kg 

(a) 0.719 kj/ kg ■ K; (b) 0.811 kg; (c) 233 k); (d) 327 kj 
Between 10“ 3o C and 10“ 2o C 


(a) See P21.22(a) for full explanation; (b) See P21.22(b) for full 
explanation; (c) See P21.22(c) for full explanation 


The maximum possible value of y =1 +— =1.67 occurs for the lowest 

Cy 

possible value for C V = ^R. Therefore the cl aim of 7 = 1.75 for the 
newly discovered gas cannot be true. 

(a) 1.39atm; (b) 366 K and 253 K; (c) 0=0; (d) -4.66 kj; (e) -4.66 kj 
(a) 28.0 kj; (b) 46.0 kj; (c) 10.0 atm; (d) 25.1 atm 

The compressed gas would reach a temperature of 941K, exceeding 
the melti ng poi nt of al umi num. Therefore, the clai m of i mproved 
efficiency using an engine fabricated out of aluminum cannot be true. 


(a) 2.45 x 10 4 m 3 ; (b) 9.97 x 10' 3 mol; (c) 9.01 x 10 5 Pa; (d) 5.15 x 10 5 m 3 ; 
(e) 560 K; (f) 53.9J; (g) 6.79 x 10r 6 m 3 ; (h) 53.3g; (i) 2.24 K 


(a) See A NS. FIG. P21.34(a); (b) ( 3 ^ 

(e) -py.\ ^^■)( 1 -3 Vr )+( 1 -3 Vr ] 


y-(c) 37,.; (d) 7,; 


(a) 6.80 nrV s; (b) 7.41 m/ s; (c) 7.00 m/ s 
(a) 1.03; (b) 35 CI 
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P21.40 (a) 731 m/ s; (b) 825 m/ s; (c) 895 m/ s; (d) The graph appears to be 

drawn correctly within about 10 m/ s. 

P21.42 See P 21.42 for the full explanation. 

P21.44 (a) 3.90 km/ s; (b) 4.18 km/ s 

P21.46 (a) 7.89 x 10 26 mol ecu I es; (b) 37.9 kg; (c) 6.07 x 10r 21 J; (d) 503 m/ s; (e) 0; 

(f) When thefurnace operates, ai r expands and some of it leaves the 
room. The smal I er mass of warmer ai r I eft i n the room contai ns the 
same i nternal energy as the cool er ai r i ni ti ai I y i n the room. 

P21.48 (a) 2.26 X 10 9 m; (b) 5.09 x 10 12 seconds 

P21.50 (a) See P21.50(a) for thefull explanation; (b) 447J/ kg - °C. This agrees 

with the tabulated value of 448J/ kg ■ °C within 0.3%; (c) 127 J/ kg ■ °C. 
This agrees with the tabulated valueof 129J/ kg ■ °C within 2% 

P21.52 (a) pressure increases as volume decreases; (b) See P21.52(b) for full 

answer; (c) See P21.52(c) for full answer; (d) 0.500 atm" 1 ; (e) 0.300 atm 1 

P21.54 Sulfur dioxide is the gas with the greatest molecular mass of those 

listed. If the effective spring constants for various chemical bonds are 
comparable, S0 2 can then be expected to have low frequencies of 
atomic vibration. Vibration can be excited at lower temperature than 
for other gases. Some vibration may be going on at 300 K. With more 
degrees of freedom for molecular motion, the material has higher 
specific heat. 

P21.56 (a) SeeP21.56(a) for full explanation; (b) This agrees within 0.2% with 

the 343 m/s listed in the Table 17.1; (c) See P21.56(c) for full answer; 

(d) The speed of sou nd i s somew hat I ess than each measu re of 
molecular speed. Sound propagation is orderly motion overlaid on the 
disorder of molecular motion. 

P21.58 (a) See P21.58(a) for full explanation; (b) See P21.58(b) for full 

explanation; (c) The expressions are equal becauseP\/ =nRT and 
y =[c v +r)/ C v =1 +R/C V give R =(y- l)C v , so PV =n(y— l)C y T 
and PV/ (y-l) =nC v T. 

P21.60 (a) T + 2 W ; (b) pfl+- -™-\ 

3 nR \ 3nRTj 

P21.62 (a) See A N S. FI G. P21.62(a); (b) u mp « 510 nrV s; (c) 575 m/ s, 624 nrV s; 

(d) 44% 

P21.64 (a) 7.27 x 10 20 J/ molecule; (b) 2.20 km/ s; (c) 3.51 x 10 3 K; (d) The 

evaporating particles emerge with much less kinetic energy, as 
negative work is performed on them by restraining forces as they leave 
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the liquid. Much of the initial kinetic energy is used up in overcoming 
the latent heat of vaporization. There are also very few of these 
escaping at any moment in time. 

P21.66 (a) The larger-mass molecules settleto the outside; (b) n = n ( f m ° r2w7,2kBT 

P21.68 (a) |r; (b) 3R; (c) |r; (d) 5R; (e) Measuretheconstant-volume 

specific heat of the gas as a function of temperature and look for 
plateaus on the graph. If the first jump goes from to the 

molecules can be diagnosed as I inear. If the first jump goes from 

3R, the molecules must be nonlinear. The tabulated data at one 
temperatu re are insuffi ci ent for the determi nati on. At room 
temperatu re some of the heavi er mol ecu I es appear to be vi brati ng. 

P21.70 SeeP21.70forfull explanation. 

P21.72 (a) m 0 gR E ; (b) 1.60 x lCf K 

P21.74 (a) See P21.74(a) for full explanation; (b) See P21.74(b) for full 

explanation; (c) See AN S FIG P21. 74(c); (d) a =1 
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Heat Engines, Entropy, and the 
Second Law of Thermodynamics 


CHAPTER OUTLINE 


22.1 Heat Engines and the Second Law of Thermodynamics 

22.2 H eat Pumps and Refrigerators 

22.3 Reversible and I rreversible Processes 

22.4 The Carnot Engine 

22.5 Gasoline and Diesel Engines 

22.6 Entropy 

22.7 Changes in Entropy for Thermodynamic Systems 

22.8 Entropy and the Second Law 


|*An asterisk indicates a question or problem new tothisedition.| 


lNSWERS to objective questions 


OQ22.1 Answer (d). Thesecond law says that you must put in some work to 
pump heat from a lower-temperature to a higher-temperature 
location. But it can be very littlework if the two temperatures are 
very nearly equal. 

OQ22.2 Answer (d). Heat input will not necessarily produce an entropy 
increase, because a heat input could go on simultaneously with a 
larger work output, to carry the gas to a lower-temperature, lower- 
entropy fi nal state. Work i nput wi 11 not necessarily produce an 
entropy increase, because work input could go on simultaneously 
with heat output to carry the gas to a lower-volume, lower-entropy 
final state. Either temperature increase at constant volume, or 
volume increase at constant temperature, or simultaneous increases 
in both temperature and volume, will necessarily end in a higher- 
entropy fi nal state. 

1147 
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OQ22.3 


OQ22.4 


OQ22.5 


OQ22.6 


OQ22.7 


OQ22.8 


OQ22.9 


Answer (c). The coefficient of performance of this refrigerator is 


COP = 


IQJ 

w 


115 kj 
18.0 kj 


= 6.39 


Answer (c). Choice (c) is a statement of thefi rst law of 
thermodynamics, not the second law. Choices (a), (b), (d), and (e) are 
alternative statements of the second law, (a) being the Kelvin-Planck 
formulation, (b) the Carnot statement, (d) the Clausius statement, 
and (e) summarizes the primary consequence of all these various 
statements. 


(i) Answer (b). (ii) Answer (a), (iii) Answer (b). (iv) Answer (a), (v) 
Answer (c). (vi) Answer (a). For any cyclic process the total input 
energy must be equal to the total output energy. This is a 
consequence of the first law of thermodynamics. It is satisfied by 
processes (ii), (iv), (v), and (vi) but not by processes (i) and (iii). The 
second law says that a cycl ic process that takes i n energy by heat 
must put out some of the energy by heat. This is not satisfied for 
process (v). 

Answer (a). The air conditioner operates on a cyclic process so the 
change in the internal energy of the refrigerant is zero. Then, the 
conservation of energy gives the thermal energy exhausted to the 
room asQ„ =Q C + 1/1/^, whereQ c isthe thermal energy the air 
conditioner removes from the room and 1/1/^ is the work done to 
operate the device. Si nee 1/1/^ >0, the ai r conditioner is returni ng 
more thermal energy to the room than it i s removi ng, so the average 
temperatu re i n the room wi 11 i ncrease. 

Answer (c). The maximum theoretical efficiency (the Carnot 
efficiency) of a device operating between absolute temperatu res T c < 
T„ is e c =1- T JT h . For the given steam turbine, this is 


e c - 1 - 


3.0 x 10 2 K 
450 K 


= 0.33 or 33%. 


Answer (d). The whole Universe must have an entropy change of 
zero or more. The environment around the system comprises the rest 
of the Universe, and must have an entropy change of +8.0J/ K, or 
more. 


Answer:! >D >C >B >4. Recall that for and ideal gas,PV =nRT, 
and C v =3R/ 2 and C p =5R/2. 

Process A : isobaric, volume!/ goes to 0.5!/, so temperature! goes to 
0.5T, dQ =nC p dT, so dS =nC p dT/T\ therefore AS = -|nR In 2. 
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Process B : isothermal, vol ume V goes to 0.5V, so temperature T is 
constant and pressureP goesto2P, c/Q =pdV =nRT{dV/V), so dS = 
nR(dV/V ); therefore AS =-nR In 2. 

ProcessC: adiabatic, Q = 0; therefore AS =0. 

ProcessD: isovolumetric, pressureP goes to 2P, so temperature! 
goes to 27, dQ =nC v dT, so dS =n C v dT/T ; therefore AS = In 2. 

Process E: isobaric, volume V goes to 2V ; therefore AS = |nRln2. 

OQ22.10 Answer (b). From conservation of energy, the energy input to the 
engine must be 

Q h =W eng +Q C =15.0 kj +37.0 kj =52.0 kj 
so the efficiency is 


15.0 kj 
Q c 52.0 kj 


0.288 or 28.8%. 


OQ22.ll Answer(b). lnthereversibleadiabaticexpansionO-4, thegasdoes 
work against a piston, takes in no energy by heat, and so drops in 
internal energy and in temperature. In the free adiabatic expansion 
OB, there is no piston, no work output, constant internal energy, and 
constant temperatu re for the ideal gas. Point/A is at a lower 
temperatu re than 0 and point C is at an even lower temperature. The 
only point that could possibly have the same temperatu re as 0 is 
points. 


ANSWERS TO CONCEPTUAL QUESTIONS 


CQ22.1 (a) The reduced flow rate of 'cooling water' reduces the amount of 

heat exhaust Q c that the plant can put out each second. Even 
with constant efficiency, the rate at which the turbines can take 
in heat is reduced and so is the rate at which they can put out 
work to the generators. If anything, the efficiency will drop, 
because the smal ler amount of water carryi ng the heat exhaust 
will tend to run hotter. The steam going through the turbines 
will undergo a smal ler temperature change. Thus there are two 
reasons for the work output to d rop. 

(b) The engineer's version of events, as seen from insidethe plant, 
is complete and correct. H ot steam pushes hard on the front of a 
turbine blade. Still-warm steam pushes less hard on the back of 

© 2014Cengage Learning. All Rights Reserved. M ay not be scanned, copied or duplicated, or posted to a publicly accessible website, in wholeor in part. 


1150 Heat Engines, Entropy, and the Second Law of Thermodynamics 


the blade, which turns in response to the pressure difference. 
Higher temperature at the heat exhaust port in the lake works 
its way back to a corresponding higher temperature of the 
steam leavi ng a turbine blade, a smal ler temperature drop 
across the blade, and a lower work output. 

CQ22.2 One: Energy flows by heat from a hot bowl of chili into the cooler 
surrounding air. Heat lost by the hot stuff is equal to heat gained by 
the cold stuff, but the entropy decrease of the hot stuff is less than the 
entropy increase of the cold stuff. 

Two: As you i nflate a soft car tire at a service station, air from a tank 
at high pressure expands to fill a larger volume. That air increases in 
entropy and the surrounding atmosphere undergoes no significant 
entropy change. 

Three: The brakes of your car get warm as you come to a stop. The 
shoes and drums increase in entropy and nothing loses energy by 
heat, so nothing decreases in entropy. 

CQ22.3 N o. The first law of thermodynamics is a statement about energy 
conservation, while the second is a statement about stable thermal 
equilibrium. They are by no means mutually exclusive. For the 
parti cu I ar case of a cycl i ng heat engi ne, the f i rst I aw i mpl i es 
\Q h \ =W eng +|Q C | , and the second law implies |Q C | >0. 

CQ22.4 Take an automobile as an example. According to the first I aw or the 

idea of energy conservation, it must take i n al I the energy it puts out. 
Its energy source is chemical energy in gasoline. During the 
combustion process, some of that energy goes i nto movi ng the 
pistons and eventually into the mechanical motion of the car. The 
chemical potential energy turning into internal energy can be 
modeled as energy input by heat. The second law says that not all of 
the energy input can become output mechanical energy. Much of the 
input energy must and does become energy output by heat, which, 
through the cooling system, isdissipated into the atmosphere. 
Moreover, there are numerous places where friction, both mechanical 
and fluid, turns mechanical energy into internal energy. In even the 
most efficient internal combustion engine cars, I ess than 30% of the 
energy from the fuel actual I y goes into movi ng the car. The rest ends 
up as useless internal energy in the atmosphere. 

CQ22.5 Either statement can be considered an instructive analogy. We 

choose to take the first view. All processes require energy, either as 
energy content or as energy input. The kinetic energy that it 
possessed at its formation continues to make the Earth go around. 
Energy released by nuclear reactions in the core of the Sun drives 
weather on the Earth and essentially all processes in the biosphere. 
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The energy intensity of sunlight controls how lush a forest or jungle 
can be and how warm a planet is. Continuous energy input is not 
required for the motion of the planet. Continuous energy input is 
required for life because energy tends to be continuously degraded, 
as heat flows into lower-temperature sinks. The continuously 
i ncreasi ng entropy of the U ni verse is the i ndex to energy-transfers 
completed. 

CQ22.6 (a) A sl ice of hot pizza cools off. Road friction brings a skidding car 

to a stop. A cup falls to the floor and shatters. Your cat dies. Any 
process is irreversible if it looks funny or frightening when shown in 
a videotape running backwards, (b) The free flight of a projectile is 
nearly reversible. 

CQ22.7 (a) When thetwo sides of the semiconductor are at different 

temperatures, an electric potential (voltage) is generated across 
the material, which can drive electric current through an 
external circuit. Thetwo cupsat50°C contain the same amount 
of internal energy as the pair of hot and cold cups. But no 
energy flows by heat through the converter bridging between 
them and no voltage is generated across the semiconductors. 

(b) A heat engi ne must put out exhaust energy by heat. The col d 
cup provides a sink to absorb output or wasted energy by heat, 
which has nowhere to go between two cups of equally warm 
water. 

CQ22.8 A higher steam temperature means that more energy can be 

extracted from the steam. For a constant temperature heat sink at T c , 
and steam at T h , the efficiency of the power plant goes as 
T 7 T 

c = l--f and is maximized for a highly 

h, T h 

CQ22.9 (a) For an expanding ideal gas at constant temperature, the internal 

energy stays constant. The gas must absorb by heat the same 
amount of energy that it puts out by work. Then its entropy 

change is AS = — = nR\n — 

T ^ 

(b) For a reversible adiabatic expansion, AQ=0and AS =0. An 
ideal gas undergoing an irreversible adiabatic expansion can 
have any positive valuefor AS up to the value given in part (a). 

CQ22.10 N o. Your roommate creates "order” local ly, but as she works, she 
transfers energy by heat to the room, causi ng the net entropy to 
increase. An analogy used by Carnot is instructive: A waterfall 
continuously converts mechanical energy into internal energy. It 
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continuously creates entropy as the motion of the falling water turns 
into molecular motion at the bottom of the falls. We humans put 
turbi nes i nto the waterfal I, diverti ng some of the energy stream to 
our use. Water flows spontaneously from high to low elevation and 
energy spontaneously flows by heat from high to low temperature. 

I nto the great flow of solar radiation from Sun to Earth, living things 
put themselves. They liveon energy flow, more than just on energy. 
A baski ng snake diverts energy from a high-temperature source (the 
Sun) through itself temporarily, before the energy inevitably is 
radiated from the body of the snake to a low-temperature sink (outer 
space). A tree builds cellulose molecules and we build libraries and 
babies who look I ike their grandmothers, all out of a thin diverted 
stream in the universal flow of energy. We do not viol ate the second 
law, for we build local reductions in the entropy of onething within 
the i nexorable i ncrease i n the total entropy of the U ni verse. 

CQ22.ll No. Anenginewith no thermal pollution would absorb energy from 
a reservoir and convert it completely into work; this is a clear 
violation of the second law of thermodynamics. 

CQ22.12 (a) Shaking opens up spaces between jellybeans. The smaller ones 

more often can fall down into spaces below them, (b) The 
accumulation of larger candies on top and smaller ones on the 
bottom impliesasmall decreasein one contribution to the total 
entropy, but the second law is not violated. The total entropy 
i ncreases as the system warms up, its i ncrease i n i nternal energy 
coming from the work put into shaking the box and also from a small 
decreasein gravitational potential energy as the beans settle 
compactly together. 

CQ22.13 First, the efficiency of the automobile engine cannot exceed the 

Carnot efficiency: it is limited by the temperature of burning fuel and 
the temperature of the environment into which the exhaust is 
dumped. Second, the engine block cannot be all owed to go over a 
certain temperature. Third, any practical engine has friction, 
incomplete burning of fuel, and limits set by timing and energy 
transfer by heat. 
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SOLUTIONS TO END-OF-CHAPTER PROBLEMS 


Section 22.1 Heat Engines and the 

Second Law of Thermodynamics 

P22.1 (a) Wehavee = ^f=l-P4 -> !^4 = 1- 

lal |q,I |Q*l 


| Q j=M 

1 1 -e 


With |Q t | = 8 000J, we have |Q„| = M = [joTkf 


(b) The work per cycle is 

W„ g = |Qj-|al = 2 667j 
From the definition of output power, 

W 


we have the ti me for one cycl e: 


zoo/j _ fQ533~^j 
P - 5 000J/s _Ly ^^ 


2 667 J 


P22.2 (a) The efficiency of a heat engine is e = W m /\Q h \, where W m is the 

work done by the engine and |Q fe | is the energy absorbed from 
the higher temperature reservoir. Thus, if W m = |Q a |/ 4, the 
efficiency is e = V 4 = 10.25 or 25%1 . 

(b) From conservation of energy, the energy exhausted to the lower 
temperature reservoir is Therefore, if 

W mv = lQj/4, we have |Q C | = 3|Q ft |/4 or ||Q c |/|Qj = 3/4| . 

P22.3 (a) The efficiency of the engine is 

£= w=w 

(b) Theenergy expelled to the cold reservoir during each cycle is 

Iftl = IQ.I ■- = 360 j - 25.0 J = jW] 
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P22.4 


P22.5 


P22.6 


The engi ne's output work we identify with the ki netic energy of the 
bullet: 

W wg =K =^mv 2 =^(0.002 4 kg)(320 m/s) 2 =123J 


Q h : 


Q h 

w mn 


_ 123 J 


0.011 

Qh =w mg -Hal 

The energy exhaust is 


=1.12 x 10 4 J 


lal =Q„ - =1.12x 10 4 J - 123 J =1.10x 10* J 

Q =mcAT 

AT =— = l'10x 10 4 J kg°C = |~~23T7°C~| 
me (1.80kg)(448J) 1 - 1 

(a) The engi ne's efficiency is given by 

J&Hal . 1 feL n 1-20 kj 

ifel if (al i-7o kj 

= 10.294 (or 2974%)] 

(b) During each cycle, the work done by the engine is 


= \Qh\~ |a| = 1-70 kj -1.20 kj = | 5.00x10^ | 

(c) The power transferred out of the engi ne i s 

P= V ^= 5 -°° X 1Q2 J = 167 x 10 3 W = |1.67 kW| 

At 0.300 s 1 - 1 

(a) The input energy each hour is 

(7.89X10 3 J/revolution)!2 500 rev/min)^^^ 1 j 

=1.18x 10 9 J/h 

implying fuel input (l,18x lrf> ] = | 29.4 L/h | . 
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P22.7 


(b) Q h =W eng +|Q C |. For a continuous-transfer process we may divide 
by time to have 

Qh _ ^eng + jQc| 

At At At 

Useful power output = = — 

At At At 


/ 7.89 x 10 3 J 

4.58 x 10 3 J 

(2 500 rev "j 

f 1 min^j 

1, revolution 

revolution J 

t lmin J 

l 60s J 


=1.38x 10 5 W 


%=(l'38xl0 5 w)(^R_)=^g 


f 1.38x 10 5 J/s") 

r irev i 

[2 500rev/60sJ 

1 2 n rad J 


(d) 


|QJ_ 

At 



The energy to melt a mass A m Hg of H g is |Q C | = m Hg L f . The energy 
absorbed to freeze A m M of aluminum is \Q h \ = m M L f . The efficiency is 

10,1 *«/», _, (I5.0g)(l.l8xl0 1 j/kg) 

\Q h \ Am M L M (l.OOgXigyxlO 5 J/kg) 

=0.554= | 55.4%j 


Section 22.2 Heat Pumps and Refrigerators 
P22.8 COP (refrigerator) =~~ 

(a) If |Q c | = 120J and COP =5.00, then W = [24.0J | . 

(b) \Q h \ =|Q C | +W =120 J +24J = [jgj] 

P22.9 (a) Thework doneon the refrigerant in each cycleis 

W = Q H -Q L = 625kJ-550kJ= [75Jkf1 
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(b) The coefficient of performance of a refrigerator is: 

cop = = Ql 


W Qh~Ql 

Solving numerically: 


550 kj 


W Q h -Q l 625 kj -550 kj ^ 

P22.10 (a) The coefficient of performance of a heat pump is COP = \Q h \/W, 

where \Q h \ isthethermal energy delivered tothewarm space and 
1/1/ is the work input required to operate the heat pump. 

Therefore, 

\Q h \ =WCOP =(P-Af)-COP 

=^7.03x 10 3 ^j(a00 x)^ 3 j j 3.80 = | 7.69x 10 8 J | 
(b) The energy extracted from the cold space (outside air) is 


|QH&|-w=|&|- 


M 

COP 


= 10 , 1 


COP 


|0| =<7.69x Iff J )f 1- ^+1 = 5.67 x Iff); 


!f, P22.ll COP = 3.00= —. Therefore, W = . 

W 3.00 

The heat removed each minute is 


^ =(0.030 0kg)(4 186 J/kg°C)(22.0°C) 

+(0.030 0kg)(3.33xl0 5 J/kg) 

+(0.030 0kg)(2 090 J/kg°C)(20.0°C) 

=1.40x 10 4 J/min =233J/ s 

Thus, the work done per second = P = 233 ^ S = |77.8W| 
P22.12 (a) The coefficient of performance of a heat pump is 

COP — 

h - p - W q h -q l 
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Because work (energy) is power times time (W =PAt), the 
equation above may be rearranged to obtain the heat added to the 
home: 

Q h =COPPV =COP-PAf 

=(4.20)(l.75x 10 3 J/ s)(3600 s) = |2.65xl0 7 j| 

(b) The coefficient of performance of a refrigerator or air conditioner 
is 


and can be written i n terms of the coeffi ci ent of performance of a 
heat pump because: 

W = Q h -Q l : 

COP =— — Qh ~ ^ — Qh _ [_ ^ 

r * r W q h -q l q h -q l q h -q l 

Where the first term on the far right is identically the coeffi dent 
of performance of the heat pump, and the second term is 
i d enti cal I y one (becau seW = Q H -Q L ). Thus, 


. Qh | W 
Qh-Ql Qh-Ql 


=COP hp . 


-1=(4.20)-1 


P22.13 (a) The energy use by the freezer each day is 



=| 4.51x10^ | 


(b) From the definition of the coeffi dent of performance for a 

refrigerator, (COP) K =|Q C |/W, the thermal energy removed from 
the cold space each day is 

|Q C | =(COP) r -W =6.30(4.51x l(f j) = |2.84x 10 7 J| 
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(c) The water must be cooled 20.0°C before it wi 11 start to freeze, so 
the thermal energy that must be removed from mass m of water 
to freeze it is |Qj =mc w \AT\ +mL f . The mass of water that can be 
frozen each day is then 

\Q C \ _ 2.84x 10 7 J 

m cjAT| +L f (4186 J/kg- °C)(20.0°C)+3.33x 10 5 J/kg 

=| 68.1 kg | 


Section 22.3 Reversible and Irreversible Processes 

Section 22.4 The Carnot Engine 

P22.14 Themaximum possible efficiency for a heat engine operating between 
reservoirs with absolutetemperatures of T c =25° +273 = 298 K and 
T h =375° + 273 = 648 K is the Carnot efficiency: 


We use the Carnot expression for maximum possible efficiency, and 
thedefinition of efficiency to find the useful output. Theengineisa 
steam turbine in an electric generating station with 


T = 430°C = 703 K 


and 


T. = 1 870°C = 2 143 K 


(a) 

(b) 


AT 1440 K 


= 0.672 =67.2% 


c ~ T h ~ 2 143 K 

« = V V|0»| = 0.420 and |Q,[= 1.40x10 s J 
for one second of operation, so 
W mg = 0.420|Q ; J = 5.88 x 10* J 
and the power is 

J , = j^ = saBxitfj =[5g1sgl 

At IS - 

The efficiency of a Carnot engi ne operati ng between these 
temperatures is 


= i T <- - i 273 K - 

: T„ 293 K ' 


0.068 3 = 6.83% 
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Therefore, there i s no way that the i nventor's engi ne can have an 
efficiency of 0.110 = 11.0%. 


P22.17 



p T c 

\Q h \/ At \Q h \/At T h 


(a) 


\Qh\ 


W^g _ PM 

e 1 ~{T C /T h ) 


(1.50x10 s W)(3 600s) 
1-(293K/ 773 K) 


= |8.70x10 8 j1 


P22.18 


(b) \Q c \=\Q h \-W^=\Q h \-PAt 

=8.70x 10 8 J - (l.50x 10 s W)(3 600 s) 

= [330x 10 8 J | 

w ^g - T c W mg / At P T c 

e ~\Q h \~ 6c ~ T h \Q h \/ At ~\Q h \/At~ ~T h 


W PAf 

(a) |Q ft | = ^ = T 


(T c / T h ) 



P22.19 

P22.20 


(b) |Q c | = |Q,|-W aig = |Q, ! |-PAt = PAt 


T-T 


=PAt( - 


U" T c 
T 270 K 


T h -(T h -T c ) 
T,, - T r 


T, 

T h - T 


( C0P ) ref rig AT 3Q Q K 

(a) For a complete cycle, AE int = 0 and 


W=|Q»|-|Q t HQ t 


!M ! 
1 r 


The text shows that for a Carnot cycle (and only for a reversi ble 
cycle), fej = y . Therefore, W = ^ T ° |Q C |. 

(b) We have the definition of the coefficient of performance for a 

refrigerator, COP = — .Using the resultfrom part (a), this 

W 

T 

becomes COP = —. 
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P22.21 

P22.22 

P22.23 


*P22.24 


P22.25 


(COP) he 


JQJ+W . 


= T^ _ 295 K 
AT 25 K 


| 11.81 


(C° p ) c = jL = 400 K =0.013 8 =fel 

V 'Carnot refrig AT 289 K W 


W = | 72.2 J | per 1J of energy removed by heat. 

We wish to evaluate COP = |Q c |/W for a refrigerator, which isa Carnot 
engine run in reverse. For a Carnot engine, 

|Q»l=lftl+w 


lal lal+wj 


i _fel+w = jg 

* e W W 


+1 


which gives 


COP=fel=--l 


Therefore, 


C0P e 1 0.350" 


1= 


The Carnot summer efficiency is 


T (273K+20.0°C) 
’ r, (273 K +350°C) 


And in winter, 


Then the actual winter efficiency is 

a 320 (o^)=J- 33 °l or [M*] 

(a) The absol ute temperatu re of the col d reservoi r i s 

T c =20.0° +273 =293 K. If the Car not efficiency is to be 
e c =0.650, it is necessary that 

l-^ = 0.650 or — = 0.350 and T h = ^~ 

T, T h h 0.35 


Thus, 


T h = = 837 K or T h =837 - 273 = |564°C 
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P22.26 


P22.27 


P22.28 


(b) 


No. A real enginewill always have an efficiency less than the 
Carnot efficiency because it operates in an irreversible manner. 


. , T 350 K 

(a) e c -l -1 50QK - 


(b) We differentiate e c = 1 -TJ T h to find 

350 K r H 1-40x10 3 K 1 


—— =0-T c {-l)T~ 2 - r 

dT h tV h T 2 (500 K)‘ 

(c) We different ate e c =1 -TJ T h tofind 

^r- = 0-^ = -—t—= |-2.00xlCT 3 K _1 
dT T 500 K 1 - 1 


(d) | No. The derivative in part (c) depends only on T h .\ 
Isothermal expansion at T h =523K 
Isothermal compression atT c =323K 
Gas absorbs 1200J during expansion. 


(a) For a Carnot cycle, 


c T, 


W m IQ I 

For any engine, e = -r-^r = 1-4 

|G„| |Q„| 


Therefore, for a Carnot engi ne, 1- = 1- 

Then we have 


M 

|G»I 


|Q t | = |a!(|) = ( 1200 j)(§f)»|^J] 


(b) Thework we can calculate as 


w„ =|Q„ I ■- la I =(1200 J - 741 j) =[~459j] 


(a) = 1-^ = 1-= 5.12xlQ- 2 = r532%1 


(b) p = -2i = 75.0xlCf J/s 
At ' 
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*P22.29 


P22.30 


Therefore, =(75.0x 10 6 J/s)(3 600 s/h) =2.70x 10 11 J/h. 


From e = we fi nd 

10.1 


10.1 = ^= = 5.27x UP j/h = | 5.27 TJ/h | 


(C) 


Asfossil-fuel prices rise, this way tousesolar energy will become] 
a good buy. 


(a) With reservoi rs at absolutetemperatures of T c = 80.0°C + 273 = 
353 K and T h = 350°C +273 = 623 K, the Carnot efficiency is 


. T . 353 K r^f55i 
e<z 1 T h 1 623 K ^-1 

so the maxi mu m power output i s 


(or 43.3%) 


P = !cfej _ 0-433(21.0 kj) =mm 

max At At 1.00 S 1 - 1 


(b) From e 


-i a 

Q. 


the energy expelled by heat each cycle is 


(a) c 


|QJ HQj(l-c) =(21.0 kj)( 1-0.433) - gjgg] 

_^engl + ^eng2 _gjQi;, + g 2 Q 2 h 


Ql/, Qi;, 

N OW, 0 2 , =0 ^ =0 y, - 1 / 1 /eng! =0 1 /, - S x 0 y,, 


_ g lQi;i ~*~ g 2 (Qi/i g lQl/i ) 


= +^2 - ^2 


(b) e =e, +e 2 - e,e 2 =1-1- +1-1 -1 1- « || 1- f ] 


t, ( t,A rj 


= 2-H-H-i+r-+i.n 

r„ T, T, T, T 


(c) 


The combi nation of ro/ersible engines is itself a reversible engine 
so it has the Carnot efficiency. No improvement in net efficiency 
has resulted. 
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P22.31 


w +w 2W 

(d) With W w = W nl , e = ^ ^ =2e, 

Wlfr Wl/z 


1-^=2 1 -^ 


T 2 T 

0 _i<L = i_±£i 

T, T, 


r, =^ T » +t 7 


T. T 
(e) e 1 = e 2 = l-^=l--f 


T, =(T h T c ) V: 


(a) In an adiabatic process, P f VJ = PyJ. Also, = -4 1 . 


p,y. 


py 


Dividing the second equation by the first yields T f =T t 


5 r- 1 2 

Si nee y = - for argon, --= - = 0.400 and we have 

3 y 5 


7} =(1073 K) 


300 x 10 3 Pa 


1 0.400 

= | 564 K1 


v 1.50x 10 6 Pa J 

(b) A £ int = nC v AT = Q - = 0- , SO = -nC y AT, 

and the power output is (suppressi ng the units of R ) 
r - W **_ -nC v AT 
At At 

(-80.0 kg)(l mol /0.0399 kg)(Jj(8.314)(564 K -1073 K) 


60.0 s 


P= 2.12x10 s W = |212kWl 


«J e c = 1-^=1- 3 ^^ = 0-475 or [4X5%] 
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P22.32 


a) First, consider the adiabatic process D-> A: 
pvr = pvv so 


P D =pi|T=(1400kPa)(Mtf=^lPF] 




orT * = H%) ™ 

N ow, consider the isothermal process C -> D: T C = T D = I 549 K I 


P r = P n 


V D _ P A Vl 
V r VcVn 1 


_ (l«0kPa)(ia0Lr _npi5l^n 

c (24.0LKl5.0Lf 3 1 


N ext, consider the adiabatic process B -> C: P B V B r = P c V c r 
P V 7 

But, P r = A A - from above. Also considering the isothermal 

c VcV 7 - 1 

process, P B = P A [jy ]■ 

Hence, P. \V 7 = PaVa |v? which reduces to 

[Vj B {V C V-r- 1 ) c 


Finally, p„ =P^|ij =(l400= | 875kPa 


State 

P (kPa) 

V (L) 

T (K) 

A 

1400 

10.0 

720 

B 

875 

16.0 

720 

C 

445 

24.0 

549 

D 

712 

15.0 

549 


TABLE P22.32(a) 
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(b) For the isothermal process A ^ B: A£ int = nC v AT = [o| so 


Q=-W =nRT Ini ^ 


=(2.34mol)(8.314 J/mol ■ K)(720 K)ln^^^ 


= | 46.58 kj | 

For the adiabatic process B^C: Q = |~0~| 

A £ int =nC v (T c -T B ) 

=( 2.34 mol)^|(8.314 J /mol ■ K)j (549 K - 720 K) 


-4.98 kj I 


and W =-Q +AE int =0 +(-4.98 kj) = | -4.98 kj | . 

For the isothermal process C -> D: AE int = nC v AT = [o] and 

Q =-W =nRT Inj^j 

=(2.34 mol )(8.314 J/mol ■ K>(549 K)ln^|^ 

=1 -5.02 kj I 


Finally, for the adiabatic process A: Q = |~0] 

A E int =nC v (T A -T D ) 

=( 2.34 mol)|J(8.314 J /mol ■ K)j (720 K - 549 K) 
= [ +4.98 kj | 

and W =-Q +AE int =0+4.98 kj =1 +4.98 kj I 
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P22.33 


Process 

Q( kJ) 

W(kJ) 

AE int (kj) 

A^B 

+6.58 

-6.58 

0 

B—>C 

0 

-4.98 

-4.98 

C—>D 

-5.02 

+5.02 

0 

D^A 

0 

+4.98 

+4.98 

ABCDA 

+1.56 

-1.56 

0 


TABLE P22.32(b) 

The work done by the engi ne i s the negative of the work i nput. 
The output work 1/1/ ^ isgiven by the work column inTABLE 
P22.32(b) with all signs reversed. 


(c) 



jY 'abcd _ k J _ q 237 

Qa^b 6.58 kj ■ 


or | 23.7% | 


T S4Q K - ,_, 

(d) e c = 1-^=1 --=^7 = 0.237 or [ 23.7% I 
c T h 720 K I-1 


(a) "Theactual efficiency is two thirds the Carnot efficiency” readsas 
an equation 


laTlal+w^ 3[ tJ 3 r t 


A11 the T 's represent absol ute temperatu res. Then 

iQcl+W^g _JL5 7; ^ fej_ 1.5 7; 1 _ 1.5T„ -7j'4T c 

T h - T c ^ T h -T c T h -T c 


in|=w a5r » +:r « . |Q c |_ ^ g 0-5r ); +r c 

|Wc| 919 T h -T c At At T h -T c 


^ =1.40 ^'^ whereQ c / Af isin megawatts and T is 

in kelvins. 


(b) | The exhaust power decreases as the f i rebox temperatu re i ncreases. | 
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P22.34 


P22.35 


(C) 


fei=(l.40MW)^ 
=(1.40 MW )[ 


0.5 T h +383 K ^ 

T h - 383K J 

0.5(1073 K)+38310 
1 073 K - 383 K J 


1.87 MW| 


(d) We require 


fel =-(1.87 MW) = (1.40 MW)| 


0.5 T h +383 K 
T h - 383 K 


= 0.666 


0.5 T h +383 K =0.666T ; , - 255 K 


T h =638 K/ 0.166 = |3.84xl0 3 k] 


0.5 T, +383 0 
T h - 383 K , 


(e) The minimum possible heat exhaust power isapproached as the 
firebox temperature goes to infinity, and it is |Q C |/ At = 

1.40 M W(0.5/ 1) =0.700 M W. The heat exhaust power cannot be 
as small as(l/ 4)(1.87MW) =0.466 MW. | So no answer exists. Th^ 
[energy exhaust cannot be that smal I \ 

We determi ne the power requ i red from 


la 

w 


=COP c (refrigerator) 


T c _ | Q c | / At 

T h -T c W/At 


0.150 W _ 260 K 
W/ At _ 40.0K 

P=^ =(0.150 W)| 


40.0 K 
260 K 


=| 23.1 mW | 


The coeffi ci ent of performance of the devi ce is 


COP =0.100 COP 


Carnot cycle 


or 


l&i 


= o.ia 


■°o(W) =ai00 ( 

V / Carnot cyde V 

= 0 .ioof = o.ioof 

W {T h -T c J { 


Carnot efficiency 


293 K 


293 K - 268 K 


=HI 


Thus, 1.17 joules of energy enter the room by heat for each joule of 
work done. 
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Section 22.5 Gasoline and Diesel Engines 
P22.36 Compression ratio =6.00, 7=1.40 


(a) Efficiency of an Otto engine: 



e = 



(b) If actual efficiency e' =15.0%, the fraction of fuel wasted is 
(assuming complete combustion of the air-fuel mixture) 
e-e' = \ 36.2%]. 


P22.37 (a) For ad iabati c expansion, Pyj = P f VJ. Therefore, 


P f = P\y\ = (3.00x l(f Pa)| 


r 50.0 cm 3 
[ 300 cm 3 J 


= 12.44x 10 5 Pa| 


(b) Si nee Q = 0, we have W^ q = Q-AE = -nC v AT = -nC v {T f - ^). 
From weget (y-l)C v = R, sothat 


Cv= i4tn =2,50R 

The work done by the gas in expanding is then 
W m g =n(2.50 R)(T ; - T f ) =2.50 Py. - 2.50 P f V f 
=2.50[(3.00x 10 6 Pa)(50.0x 1(T 6 m 3 ) 

-(2.44x10 s Pa)(300xl(T 6 m 3 )] 


P22.38 The energy transferred by heat over the 

paths CD andB-4 is zero si nee they are 
adiabatic. 

Over path BC\Q bc =nC p (T c - T e ) >0 
Over path DA\Q da =nC v {T A - T 0 ) <0 
Therefore, |Q c | = ]Q m and0 h =0 ec . 



ANS. FIG. P22.38 
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The efficiency is then 


if r D -r/ 

ft (t c -t„) c, rlr c -r„ 


Section 22.6 Entropy 

P22.39 Each marble is returned to the bag before the next is drawn, so the 
probability of drawing a red one is the same as drawing a green one. 

(a) 


Result 

Possible Combinations 

All red 

RRR 

2R, 1G 

RRG, RGR, GRR 

1R,2G 

RGG, GRG, GGR 

All green 

GGG 


TABLE P22.39(a) 


Result 

Possible Combinations 

Total 

All red 

RRRRR 

1 

4R, 1G 

RRRRG, RRRGR, RRGRR, RGRRR, 
GRRRR 

5 

3R,2G 

RRRGG, RRGRG, RGRRG, GRRRG, 
RRGGR, RGRGR, GRRGR, RGGRR, 
GRGRR, GGRRR 

10 

2R,3G 

GGGRR, GGRGR, GRGGR, RGGGR, 
GGRRG, GRGRG, RGGRG, GRRGG, 
RGRGG, RRGGG 

10 

1R,4G 

RGGGG, GRGGG, GGRGG, GGGRG, 
GGGGR 

5 

All green 

GGGGG 

1 


TABLE P22.39(b) 
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P22.40 (a) Thetable is shown in TABLE P22.40 below. 

(b) On the basis of the table, the most probable recorded result of a 
toss is | 2 headsand 2taiIs | . 


Result 

Possible Combinations 

Total 

All heads 

HHHH 

1 

3H, IT 

THHH,HTHH,HHTH,HHHT 

4 

2H,2T 

TTH H, THTH, THHT, HTTH, HTHT, 
HHTT 

6 

1H,3T 

HTTT, THTT, TTHT, TTTH 

4 

All tails 

TTTT 

1 


TABLE P22.40 

P22.41 (a) A 12 can only beobtained | one | way, as 6 +6. 

(b) A 7can be obtained | six | ways: 6 + 1, 5 +2,4 + 3, 3+4, 2 +5, 
and 1+6. 


Section 22.7 Changes in Entropy for Thermodynamic Systems 
Section 22.8 Entropy and the Second Law 
P22.42 For a freezi ng process, 

AO -(0.500 kg)(3.33x 10 5 J/kg) .-. 

AS =-^- 7JSK -— = | -610 J/K | 

P22.43 The hot water has negative energy i nput by heat, given by Q = me AT. 

The surrounding room has positive energy input of this same number 
of joules, which we can writeas Q room =(rac|AT|) water . Imagine the room 
absorbing this energy reversibly by heat, from a stove at 20.001°C. Then 
its entropy i ncrease is Q roo J T : 

,c-Qr _mcjAT| _(0.125 kg)(4186 J/kg-°C)(80°C) 
=\VBjjK\ 
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*P22.44 c iron =448 J/kg ■ °C; c wate . =4186 J/kg • °C 


From Q cold =-Q hot : 

(4.00 kg)(4 186 J/kg °C )(r f - 10.0°c) 

=-(1.00 kg)(448 J/kg °C)(T f - 900°c) 
which yields 7T=33.2°C =306.3 K. Then, 

306.3 K c t w t dT 30& f 3K c iron w iron dT 

AS= J water water + J 'ron 

283 K -I 1173 K *- 

, (306.3 K\ , 

AS =C wata .m wata - m + c iron m iron l n 

\ 283 K / 

AS =( 4186 J /kg ■ K) (4.00 kg) (0.078 7) 

+(448 J/kg- K)(1.00 kg)(-1.34) 

AS = | 717 J/K | 



*P22.45 Thecarendsup in the same thermodynamic state as it started, so it 
undergoes zero changes i n entropy. The origi nal kinetic energy of the 
car istransferred by heat to the surrounding air, adding to the i nternal 
energy of the air. Its change in entropy is 


AS 


^mv 2 ^(I500kg)(20.0m/s) 2 
T 293 K 


=| 1-02 kJ/K | 


P22.46 The total momentum before colli si on is zero, so the combined mass 

must be at rest after the col I i si on. The energy d i ssi pated by heat equal s 
the total initial kinetic energy, 

Q =2^mv 2 j =(2000 kg)(20.0 m/s) 2 =8.00x 10 5 J =800 k) 


With the envi ronment at an absolute temperature of T =23 + 273 = 296 
K, the change i n entropy is 


A r _ AQ r _ 800 kj 

T 296 K 


2.70 kJ/K | 


P22.47 The potenti al energy I ost by the I og i s eventual I y transferred by heat 
i nto thermal energy of the envi ronment, so Q = mgh, and the change i n 
entropy is 

_Q _mgh _ (70.0kg)(9.80 m/s+25.0m) 

T T 300 K I— J/ I 
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P22.48 (a) This is a free expansion process. From Equation 22.17, 

AS = nRlnf^j = (1.00mol)(8.314J/mol-K) Injjj 
= | 5.76J/K~| 

(b) The gas is expanding into an evacuated region. Therefore, 1/1/ = 0. 
Itexpands so fast that energy has no timeto flow by heat:Q =0. But 
A E mt =Q +l/l/,sointhiscaseAE int =0. For an ideal gas, the internal 
energy is a function of the temperature and no other variables, so 
with AE int =0, there is | no change in temperature] . 



ANS. FIG. P22.48 


P22.49 Each gas expands into the other half of the container as though the 

other gas were not there; therefore, consider each gas to undergo a free 
expansion process in which its volume doubles. From Equation 22.17, 
the entropy change is twice that for a si ngle gas: 


AS =2 


ftRIn 



=2 


(0.044 0)(8.314 J/mol ■ K)(ln2)] 


= 0.507 J/K 


0.044 mol 

h 2 


0.044 mol 
O2 


ANS. FIG. P22.49 
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*P22.50 WetakedatafromTables20.1and 20.2, and we assume a constant 

specific heat for each phase. As the ice is warmed from -12.0°C to 0°C, 
its entropy increases by 


as= }^=T^=-,« IW^cjnri- 

i -I 261 K -I 261 K 

AS =(0.027 9kg)(2 090J/kg °C)(ln273K-In261 K) 
=(0.027 9kg)(2090J/kg °C)[ln(^|)] 

AS =2.62 J/K 


As the ice melts its entropy change is 


Q _mL f _(0.027 9 kg)(3.33x 10 5 J/kg) 
T ~ T ’ :fBK 


=34.0 J/K 


As liquid water warms from 273 K to 373 K, 


AS = f 


f r mC \\ nu \ridT 


>fT 


=(0.027 9 kg)(4186 J/kg °C)In 


373 K 
1273 K i 


=36.5 J/K 


As the water boi Is and the steam warms, 


AS +rac steam Inj^j, 

_(0.027 9 kg)(2.26x 10 6 J/kg) 

373 K 

+(0.027 9 kg)(2 010 J/kg • °C) In (^|) 
=169 J/K +2.21 J/K 
The total entropy change is 

AS tot =(2.62 +34.0 +36.5+169 +2.21) J/K = | 244 J/K | 

For steam at constant pressure, the molar specific heat in Table 20.1 
implies a specific heat of (35.4 J/mol ■ K )^ Q Q^g j =1970 J/kg K, 

nearly agreeing with 2 010J/ kg ■ K. 

*P22.5l The change in entropy is given by 
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HereT means the absolute temperature. We would ordinarily think of 
dT asthechangeintheCelsiustemperature, but one Cel si us degree of 
temperature change is the same size as one kelvin of change, sodT is 
al so the change i n absol ute T. 

AS =raclnT|^ =mc In 

=(0.250 kg)(4186J/kg.K)ln(J|£)^MJ8 

P22.52 Sitting here writing, I convert chemical energy from molecules in food, 
into internal energy that leaves my body by heat into the room- 
temperature surroundings. My rate of energy output is equal to my 
metabolic rate, 



2 500 kcal/d = 


( 2 500 x 10 3 cal \ 

f 4.186 J \ 

{ 86400s J 

{ leal J 


= 120 W 


My body is in steady state, changing littlein entropy, as the 
envi ronment i ncreases i n entropy at the rate 


AS _ Q/T _ Q/At _ 120 W 
At ~ At ~ T ~ 293 K 


= 0.4 W/K ~| 1 W/K 


When using powerful appliances or an automobile, my personal 
contribution to entropy production is much greater than the above 
estimate, based only on metabolism. 

P22.53 The change i n entropy of a reservoi r i s A S = Q r /T, w here Q r i s the 

energy absorbed (Q r >0) or expelled (Q r <0) by the reservoir, and T is 
the absol ute temperatu re of the reservoi r. 

(a) For the hot reservoi r: A S h = ^ = |—3.45 J/K | 

(b) For the cold reservoir: AS. = +Z50x1q3 J =|+&06 J/K 

310 K 1 - 1 

(c) For the Universe: 


A S u =AS h +AS C =-3.45 J/K +8.06 J/K = | 44.61 J/K | 

P22.54 The change i n entropy of a reservoi r i s AS = Q r /T , w here Q r i s the 

energy absorbed (Q r >0) or expelled (Q r < 0) by the reservoir, and T is 
the absol ute temperatu re of the reservoi r. 

(a) Energy is transferred from the hot reservoir by heat: |Q h | = -Q, 
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and 


(b) Energy is transferred to the cold reservoir by heat: |Q c | =-tQ, and 


AS = — 
T r 


(c) For the Universe, A S u =A S h +AS C 
1000J 1000J 


Q\j~Y 


P22.55 AS = — - — = 
T 2 T x 


290 K 5 800 K 


= 3.28 J/K 


*P22.56 Define =Temp Cream =5.00°C =278 K. 

Define T 2 =Temp Coffee = 60.0°C =333 K. 

The fi nal temperatu re of the mi xtu re i s 

(2apg)T 1+ (200ga- ? =550x=328K 

7 220 g 


The entropy change due to this mixi ng i s 

AS =(20.0 g)JJ ^ +(200 g)JJ ^ 
=(84.0J/K)lnf5lj+(8«j/K)lnfij 

AS = | +118 J/K | 

!f, P22.57 We fi rst determi ne the energy that must be extracted from tap water at 
10.0°C to produce ice at -20.0°C: 

|Q C | =mcAT +mL +mcAT 

|QJ =(0.500 kg)(4186 J/kg °C)(10.0°C) 

+(0.500 kg)(3.33x 10 5 J/kg) 

+(0.500 kg) (2 090 J/kg ■ °C) (20.0°C) 

=2.08x 10 5 J 
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P22.58 


P22.59 


P22.60 


P22.61 


The work required to accomplish thisisthen found from 

— =COP c (refrigerator) = T,: 

W L T h -T c 


or 

T 273 K 20.0°C 

H 32-9 kj | 

We are given T c = 273 K. 

(a) For steam at 100°C, T h = 373 K and 



(b) For superheated steam at 200°C, T h =473 K and 



\Q h \ = 3W, and for an engine, |Q fc | =W +|Q C | =3W -» |Q C | =2W. 


(a) 

(b) 


__w___w__ra 
e- iQ»r3w*[i 
IQ, I = 2VV = |f 

lal 3^ [3j 


The conversion of gravitational potential energy into kinetic energy as 
the water falls is reversible. But the subsequent conversion into 
internal energy is not. We imagine arriving at the same final state by 
adding energy by heat, in amount mgy, to the water from a stove at a 
temperature infinitesi mally above 20.0°C. Then, 

AS = C dQJAt _ Q/At _ mgy/At 
At J T T T 

_(5 000 m 3 /s)(l 000 kg/m 3 )(9.80 m/s 2 )(50.0 m) 

293 K 

= |8.36xl0 6 J/K - s| 


The maximum (Carnot) or ideal efficiency is 


^ideal 


1 - 


t; 

T h 
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P22.62 


(where we note that the temperatures must be given in kelvin.)Thus, 
T c (185°C +273°) 458.15K 

gideal 1 T h 1 (545°C +273°) 1 818.15K 
= | 0.440 =44X)%1 


(a) 


l w 



(b) The energy extracted by heat from the cold side divided by 
required work input is by definition the coefficient of 
performance for a refrigerator: [ (COP) rfWgfrator I 


(c) With an EER of 5, 

Btu 10000 Btu/h 
b h-W “ P 


which gives 


P = 


10000 Btu/h 
5 Btu/h W 


= 2 000 W = 2.00 kW 


Energy purchased is PAt =(2.00 kW)(l 500 h) =3.00x 10 3 kWh. 


Cost =(3.00x 10 3 kWh)(0.170 $/kWh) =$510: 


| With EER 5, $510| 

With EER 10, 

Btu 10000 Btu/h 
iU h ■ W “ P 

^ p= 10000 B W h = 1000w = 100kw 
10 Btu/h ■ W 

Energy purchased is PAt =(l.00 kW)(l 500 h) =1.50x 10 3 kWh 
Cost =(l.50x 10 3 kWh)(0.170 $/kWh) =$255: 


| With EER 10, $255| 

Thus, the cost for air conditioning is half as much for an air 
conditioner with EER 10 compared with an air conditioner 
with EER 5. 


© 2014Cengage Learning. All Rights Reserved. M ay not be scanned, copied or duplicated, or posted to a publicly accessible website, in wholeor in part. 




1178 Heat Engines, Entropy, and the Second Law of Thermodynamics 


P22.63 


*P22.64 


P22.65 


(a) 


(b) 


Cedric = so if al I the electric energy is converted into i nternal 
energy, the steady-state condition of the house is described by 

H et = | Q | ■ 


Therefore, 

Fora heat pump, (COP) ( 


= -^- = 1 5.00 kW I. 

At 1 - 1 


295 K 


=10.93 


Actual COP =0.6(10.93) =6.56: 


M -\Q»\/ At 

W W/At 


Therefore, to bring 5 000 W of energy into the house only requires 
input power 

W Q h \/At 5 000 W 


= 763 W 


(a) The energy transferred to the gas by heat i s 

Q =mcAT =(1.00 mol)(20.79J/ mol ■ K)(l20 K) 

=2.49x 10 3 J = | 2.49 kj | 

(b) Treating the neon as a monatomic ideal gas, Equation 21.25 gives 
the change in internal energy as AU = ^nRAT, or 

AU =|(1.00 mol)(8.314J/ mol K)(120 K) 

=1.50x 10 3 J j|.50kj| 

(c) From the first law, the work done on the gas is 


W = AU-Q= 1.50x 10 3 J - 2.49x 10 3 J = |-990J| 


Energy transfer by heat for infinitesimal temperature changed! is 
dQ = nCdT, whereC isthe molar specific heat for either constant 
volume^ =5R/ 2) or pressure (C p =7R/ 2) for air, a diatomic gas. The 
corresponding entropy change is 


dS = 


dQ_ 


nCdT 

T 


AS= |wOT =wC , n ^ 


T T * T T { 

with T =25.0+273=298 K and T f =-18.0+273 =255 K . 
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P22.66 


P22.67 


(a) A S=nC v ln^ = n|* ln (f§f) = l-0-390»R| 

(b) AS=nC p In T ^ = n-R |n( |-0.545»R| 


(a) The coefficient of performance of an air conditioner is defined as 


(COP). 


Iftl _ IQJ _ 1 

W |Q»|-|Q t | |Q,|/|Q t |-l 


Butwhen adevice operates on the Carnot cycle, |Q,|/|Qj=T,/T t . 
Thus, the coefficient of performance for a Carnot heat pump 
would be 


(copL 


ipf-i~k-V c 


(b) From the result of part (a) above, we observe that the COP of a 
Carnot ai r conditioner would i ncrease if the temperature 
difference T h - T c becomes |smaller| . 


(c) If T c =20° +273 =293 K and T h =40° +273 =313 K, the COP of a 
Carnot heat pump would be 


(COP), 


293 K 


T, - T 313 K-293 K 


(a) For the constant volume process-4 B, 

Qab =AE int ,, =|«RAT =|«R(3i: - T,j = ggg] 


(b) 


For an isothermal process, 


Q = nRT In — . 

[vj 


Therefore, for process BC, Q BC = \3nRT t in2| . 

(c) For the constant volume process CD, 

Qco =AE ttaf =|«RAT =|nR(r, - 3T,j = F3^ 
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P22.68 



ANS. FIG. P22.67 


(d) For an isothermal processor, Q m = nRT t ln^ = |-wR7;.ln2| . 


(e) Q h =Q ab +Q bc =3nRT i +3nRT i In2 =|3nRT,(l+ln2)| 

(f) Si nee the change i n temperature for the complete cycle is zero, 

AE int = 0 and W^ g =Q 
and work done by the engine is 

W =Q =Qab "FQbc "FQcd "H3da 

= 3nRT i +3nRT t In 2 - 3nRT t -nRT i In 2 
W = \2nRT i In 2| 


(g) 


The efficiency is 

JU = Q_ 21 n 2 

|Q»I IQJ 3{l+ln2) 


4 0-273 


For the Carnot engi ne, 

e c = 1- — = 1- = 0.600 

c T h 750 K 

W 

Also, e c = -r^f, 

lal 

SO \Q h \ = ^ = 250 J 

1 1 e c 0.600 


poTT 

k#L 

*41 


Carnot' 

Engine J = 150 ] 


M 


T c = 300 K 

ANS. FIG. P22.68 


and |Q C | = \Q k \- W mg = 250J - 150J = 100J. 


W 

(a) |Q fc | = —=2- = 


150 J 
0.700 
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w ,_, 

lal = |Q>|-W eiq = ^-150J=[643J1 

e s 

(b) When engine S delivers 150J of work to the Carnot engine, the 
Carnot engi ne transfers 250J to the fi rebox while engi ne S takes 
214 J from the firebox: 

w _, 

|Q».m|—“ +250j = ^771 
e s 

and the Carnot engine removes 100 J from the environment while 
engines returns64.3J: 

|Q t> „ a | = |64.3j-100j|i||5JjJ 


(c) 


The total energy the firebox puts out equals the total energy 
transferred to the environment. 


214 j 


64.3 J 


Carnot 
Engine 


W eng = 150 J 


r c = 300K 

ANS. FIG. P22.68(a-b) 


The net flow of energy by heat from the cold to the hot reservoi r 
without work input is impossible. 


W 

(d) ForengineS: |Q c , s | = |Q», s |-W„ s = -2Si-W„ s 

e s 

so work output is W 9igS = J^ = ^^- = | 233J | 

e s 1 0.700 *■ 

and energy i nput to engi ne S i s 

|Q».s| =|a.s| =233j +100j = | 333J | 

(e) Engines contributes 150 J out of 233J to running the Carnot 
engine: 

|Q„*| = |Q,.s| - 250J = 333J - 250J = [g3j] 

This isthe net energy lost by the firebox. 
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(f) The remaining work output is 

= w„ 5 - 250J = 233J - 150J = [8331 

(g) |a.*|=[o] 


T h = 750 K 



(h) 


ANS. FIG. P22.68(e-g) 

The output of 83.3 J of energy from the heat engine by work in 
a cyclic process without any exhaust by heat is impossible. 


(i) Both engi nes operate i n cycl es, so AS s = AS Carnot = 0. 


For the reservoi rs, AS, = - — and A S r = . 

T h T c 

Thus, 

AS total = AS S +AS Carnot + AS h +AS c =0+0- + 3q5]< 

= r~Q-iii j/k i 


(j) | A decrease in total entropy is impossible.| 

P22.69 (a) Let state / represent the gas before its compression and state f 

afterwards, V f = —. For a diatomic ideal gas, C v = | R, C p = ^-R, 
8 2 2 

C D 

and y = — L = 1.40. N ext, 

C v 

pyy = p f vj 

P =p\Yl\ = P8 140 = 18.4P 
7 \ V f) 

Py = nRT t 

18 4PV 

= _ 2 3 Q p y = 2.30 nRT = nRT f 

f f 8 f 
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P22.70 


so T f = 2.301 

A£ int =nC v AT =n^R(T f -T l ) =|nR(l.30Z;.) =|(l.30P^) 
=|( 130)(1.013x10 s N/m 2 )(0.120x 1CT 3 m 3 )=39.4J 
Si nee the process is adiabatic,Q =0and A £ int =Q+W gives 
W = | 39.4 J | 

(b) The moment of inertia of the wheel is 

I =^MR 2 =^(5.10 kg)(0.085 0 m) 2 =0.018 4 kg - m 2 

We want the flywheel to do work 39.4J, so the work on the 
flywheel should be-39.4J: 


K roti +W =K r0tf 
hojf - 39.4 J =0 

o>,-= L Jl?'. 4J) J =|65.4 rad/s =625 rev/min| 
' [ 0.018 4 kg ■ m 2 J 1 - 1 

(c) N ow we want W = 0.05K rot ,: 


39.4 J =0.05^(0.018 4 kg - m 2 )(y: 

_( 2(789J) " 

! [ 0.018 4 kg -m 2 


= 293 rad/ s =2.79x 10 3 rev/ min 


Like a refrigerator, an air conditioner has as its purpose the removal of 
energy by heat from the cold reservoir. 


Its ideal COP is COP Ca 


T, - T 20.0 K 


= 14.0. 


(a) Its actual COP is 


0.400(14.0) =5.60 


\Qc\ _ \QJ At \ 

: |Q/.|-|Qcl "|Q,/At|-|Q C /Af| 


5.60 — - 5.60 — 

At At 


a 

Af 
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5.60(10.0 kW) =6.6o|—I and 1^1 = [ 8.48 kW I 

| At | | At | 1 - 1 

(b) fe^+lQj: 

^ng = |QJ_I Qcl = 10 o kw _343 kw = I 1 52 kW I 

At \At\ \At\ 1 - 1 

(c) The air conditioner operates in a cycle, sotheentropy of the 
working fluid does not change. The hot reservoir increases in 
entropy by 

|Q,| (lO-OxlO 3 J/s)(3 600s) 

^ 'hJTB&p Si |.20x lO 5 J/K 

T h 300 K J/ 

The cold room decreases in entropy by 
Ar _ \Q C \ _ (8.48X10 3 J/s)(3 600s) 

T c 280 K 

=-1.09x 10 5 J/K 

The net entropy change is positive, as it must be: 

+1.20x 10 5 J/K - 1.09x 10 5 J/K = | 1.09x 10 4 J/l<] 

T 780 K 

(d) The new ideal COP is COP CErnot = = — = 11.2. 

We suppose the actual COP is 0.400(11.2) =4.48. 

448 

Asa fracti on of the origi nal 5.60, this is = 0.800, so the 

fractional change is to | drop by 20.0% | . 


P22.71 


T, W„ g W^/At . Ja| = p _ PT, 
T t |Q,| |Q,,|/Af- At (l-r t /Tj T„-T t 


|Q»l=W„ g +|Q t |: 


|oj = |al_5 2L 

At At At 


Igcl PT h r PT C 
At T h - T c T h - T c 


|Q | = mcAT\ J 9AJ^L) cAT 

11 At { At J 


PT C 
T h - T c 
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Am _ PT C 
"XT ~(T h -T c )cAT 



P22.72 


P22.73 


c _ 1 T c _ _ W mg / At _ |Q fc | P _ PT h 

e ° T h \Q h \ |(2*1/Af' At - 1-(T C /T h )~ T h -T c 

iQci_riQ„n r _ pt c 

At T h -T c 

But |Q c | = mcAT, where c is the specific heat of water. 




(a) For the isothermal process/AB,theworkonthegasis 



W AB =-8.15x 10 3 J 

where we have used 1.00 atm = 1.013 x 10 5 Pa and 
1.00 L =1.00 x 10 3 m 3 . 

W BC =-P B AV =-( 1.013x 10 5 Pa)[(10.0- 50.0)x IQ- 3 ]m 3 
=+4.05 x10 3 J 

W CA = 0 and W^ g = -W Aji - W BC = 4.10x 10 3 J = | 4.10 kj | 


P22.72 


P22.73 



P(atm) 

.\_A 

' ' Isothermal 


ANS. FIG. P22.73 
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(b) Since-4 B is an isothermal process, AE irtfAB = 0 
and Q ab =-W ab =8.15 xltfj. 

For an ideal monatomic gas, C v = ^ and C p = ^. 

_P b V b _(1-013x 10 5 Pa)(50.0x lCr 3 m 3 ) _5.06x 10 3 
B ~~ A ~~nR R R 

_P C V C _(1.013x 10 5 Pa)(l0.0xl0r 3 m 3 ) _l.01xl0 3 

S0 ' c nR R R 


„ ^ irv/SnY 5.06x 10 3 -l.Olx 10 3 ^| cnoM 

Q^-nQAT-1.00 iRl ^ J — 6.08 kj 

so the total energy absorbed by heat is 

Qab +Qca =8.15 kj +6.08 kj = | 1.42x 10 4 J | 

(C) Q bc =nC p AT =|(nRAT) =^P B AV BC 

IQbcI =||(l.013x ltf)[(l0:0- 50.0)X 10r 3 ]| =|-1.01x 10 4 J| 

=| l.Olx 10 4 J ] 


(d) 


^eng _ _ 4.10x IQ 3 J 

\Qh\ Qab+Qca 1-42 x 10 4 J 


=0.289 


or | 28.9% | 


(e) A Carnot engine operati ng between T hot =T A = 5 060/ R and T cold = 
T c =1010/R has e c = 1- TJ T h = l-V 5= 80;0%.'TheeP<1,dency| 

Of the cycle is much lower than that of a Carnot engi ne operating! 
between the same temperature extremes. 

P22.74 (a) The ideal gas at constant temperature keeps constant internal 

energy. As it puts out energy by work in expanding, it must take 
in an equal amount of energy by heat. Thus its entropy increases. 
Let Pj.Vj, and T, represent the state of the gas before the 
isothermal expansion. LetP c , V c , and 7, represent the state after 
this process, so thatP,V, =P C V C . LetP,, 31/,, and T f represent the 
state after the ad i abati c compressi on. 

Then P C V 7 C =P l (3V,f 
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P22.75 


Substituting P C = - L ~ L 

''c 

gives pyvy 1 =P t [ 3 y Vj) 

Then V r-i = jr V r-^ and &=3 r/(/ " 1) 

The work output in the isothermal expansion is 

c c 

W=JPtiy ^RTijv^dV 

=nRT { In ^j =nRi;. In(3 r/(r_1) ) =nRT l j 1 n 3 

This is also the input heat, so the entropy change is 

* s =?=" R (^i) ln3 

Since C p =yC v =C V +R, 

we have (y- l)C v =R, C v = — 

7-1 


Then the result is | AS = nC P ln3~| . 


(b) 


The pai r of processes considered here carries the gas from the 
initial state in P22.77 to the final state here. Entropy is a function 
of state. Entropy change does not depend on path. Therefore the 
entropy change in P22.77 equal sAS isottemal +AS adi£totic in this 
problem. Si nee AS =0, the answers to P22.77and P22.74(a) 
must be the same. 


WerecognizethatT^T^nd T h =T 2 , and Q c =350J and Q h =-1000J. 


AS hot 

^^cold 


_Qt _ |Q»|_ -1000J 

T,. T 2 600 K 

= Q = lal _+750J 
T. T, 350 K 
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P22.76 


(a) AS„=AS w+ AS Md =-i^-^i^77K 

T 3S0 K 

(b) ^-i^-H ^ 0 - 417 


w„ =e c |Q,| =0.417(1000J) =f417j j 

(c) AW=W c -W rs>l 

=e cioj - tel - ini) 

=[l-|]|Q 1 |-(|Q»|-|Qj) 
=[|Qj-||Qj| -(IQJ-IQJ! 
=|Q,]-||Qj=T t ^-l^j 

= T C AS U =T 1 AS U 

Atpoint A, Py { = nRT i and n =1.00mol. 
At poi nt B , 3 Py t = nRT B so T B = 3T t . 
AtpointC, (3^)(2V;.)=nRT c and T c = 6T r 
AtpointD, P.(2V t ) =nRT D so T D = 21]. 
The heat for each step i n the cycle is found 
using C y = ^ and C p = ^: 

Q ab =nC v (3T ; - T ; ) =3nRT i 
Q bc =nC p (6T- 3 Tj) =7.50nRT i 
Q cd =nC v (ZT I - 6T t ) =-6nRT t 
Qda = nC p ( T i ~ 2 T t ) =-2.50nRT i 


P 



(a) Therefore, Q^ ing =| Q h \ =Q AB +Q BC =3nRT t +7.5nRT, = | 10-5nR7;. | . 

(b) Qtoving =\Qc\ =| Qcd *QJl =|-GnRTi - 2.50nRT i \ = | 8.50 nRT, | 


w «=» -M 
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P22.77 


P22.78 


(d) Carnot efficiency: e c 



| 0.833 


|The Carnot efficiency is much higher] 

AS =J^ =J =nC p j T-'dT =«C, Inrf' =«C P (inT, - InT,) 


r t 

=nC P In ^ 

^ T 


(p_Xf^) =nC JpM^U 


AS =nC p In 

P ^ nR PV t j 

(a) water: T water =35.0°F 

body: T^y =98.6°F 


[ nR PV t J 


nCp In 3 


^(35.0- 32.0) °C 
(1.67+273.15) K =274.82 K 

|(98.6- 32.0)°C 
(37.0+273.15) K =310.15 K 


^ NQ 7 dr 

^ aA6 ^=j — =m w cx J — =w w cxln| 

Twater 

,q IQI _ m . c ( T My-r„^) 


^system ^^cold 


body 1 body 

AS rnldwatfT +AS hn 


J body 


=(0.454 kg)(4 186 J/kg K) x 


- (0.454 kg)(4 186 J/kg K) (310 -^ 2 J 4821 =1 13.4 J/K 1 


310.15 


(b) Conservation of energy, Q hot = -Q rold , gives 
mJ(T F - r wBhr ) =-m Attl /(r f - T My ) 

m w (^F - ^water ) =_W Ath (^F “ ^body ) 

m w T F -mJ wat& =-m Ath T F +m Attl T body 
(m, +w Attl )T F =m w T watef +m Ath T body 
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P22.79 


P22.80 


Solving for T fI 

rp water "*" m Atti'^body 

i 

+m Attl 


_(0.454 kg)(274.82 K)+(70.0 kg)(310.15 K) 
” 0.454 kg +70.0 kg 

=309.92 K = [3iOKl 


(c) as =as; 


ice water “^body 


=m w cx In —— +m Attl cx In. 

T w ^ Attl T 


=(0.454kg)(4186j/kg K)ln[^|] 
+(70.0kg)(4 186J/kg K)ln 


310.15 


= H I J/K 


(d) [Smaller by less than 1%| 

(a) W=Jpdy=nRrJ^=(l.00)RTIn ^ =^Tln2] 

(b) [Y^ 

(c) 


No. The second law refers to an engine operating in a cycle, 
whereas this problem involves only a single process. 


When energy enters a substance by heat, we describe the process with 
Equati on 20.4, Q = me AT. Thi s i s a reversi bl e process; if energy I eaves 
the substance, the temperature drops down again. Therefore, the 
entropy change for one of the samples of water is 


p rdQ Tf r mcdT f T f 

AS = — = -= mcln -L 

J T J T T 

± Ti A V 


Consequently, the entropy change for both samples of water is 

AStntal = AS hnt . + AS co , d 


f T ) f T 

cln — + me In -^4 
T hi T c 


cln 


(1.00 kg)(4 186j/ kg x)ln[(§f■)(§§£)] =4.88j/ K 
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This is not zero. While the statements about energy transfer by heat 
are true, the mixing process is irreversible. After thewater has come 
to equilibrium, it will not spontaneously separate again into warm 
and cool water. Therefore, there is an entropy increase of the mixture 
during this irreversible process. 


Challenge Problems 

P22.81 (a) Given: P A = 125.0 atm| and P c = 1100 atm| 


Use the equation of state for an ideal gas: 
y = 

P 

1.00(8.314 J/molK)(600K) ,- 

^- 25.0(1.013x10= Pa) -S 

1.00(8.314J/molK)(400K) 
c 1.013 x 10 5 Pa 

Since-4 B is isothermal, P A V A =P B V B , 


= 32.8x 10r 3 m 3 


and si nee BC i s ad i abati c, P B V B r = P c V c r . 
p 



ANS. FIG. P22.81 
Combi ni ng these expressi ons, 



f 1.00 atm 

\( (32.8x10r 3 m 3 ) 1 ' 40 

125.0 atm. 

Jl 1.97 x 1CT 3 m 3 

11.9 x HT 3 

mil 


^-(V0.400) 
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P22.82 


Similarly, 


v D n i S 


yh 

PjV Cj 

25.0 atm (l.97x 10~ 3 m 3 ) 11 


LOO atm J 32.8 x 10" m 


.(VO-400) 


5.44x 1(T 3 m 3 


Si nee-4 B is isothermal, P A V A = P B V B 


,=Px(. 


Y | =(25.0 atm) 


and P E 

Also, CD is an isothermal and 

P D=Pc[y L ]=(l-00atm)| 


11.9x 1(T 3 m ; 


32.8x 10 3 m 3 
5.44x 1(T 3 m 3 




4.14 atm 


= | 6.03 atm | 


(b) Energy isadded by heat to the gas during the process/* B. For the 
isothermal process, AE int = 0, and the first law gives 


Qab — W AB — nRT h Inl^ 


\Q h \ =Qab =(1-00 mol)(8.314J/molK)(600K)ln^ 
=8.97 kj 

W 

Then, from e = , the net work done per cycle is 

IQftl 

=e t |a| =0.333(8.97 kj)= [ 2.99k| | 

The quantity of gas is 

_P a V a _(100x 10 3 Pa)(500xl0r 6 m 3 ' 
n_ Rr7 (8.314 J/mol -K)(293 K) 

(a) In process A ->B, 


11.9 atm 


=0.020 5 mol 


P B =p a —A =(l00x 10 3 Pa)(8.00) 140 =1.84x 10 6 Pa 
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_P b V b _(l.84x 10 6 Pa)(500xl0r 6 m 3 /8.00) 

Tb nR (0.020 5 mol)(8.314 J/mol K) “ 

V A /V B = 8.00 y B = y A /8.00 = 500/8 = 62.5 cm 3 
State C: 

_nRT c _(0.020 5 mol)(8.314 J/mol ■ K)(l 023 K) 
c V c 62.5 x HT 6 m 3 

=2.79x lOf 5 Pa 

State D: 

=' / 4 

In processC^D: 

P D -P c [gJ =(2.79xltf Pa^f =1.52x10= Pa 

_P D y D _ (l.52x 10= PaXsOOxia 6 m 3 ) _ 

D nR (0.020 5 mol )(8.314 J/mol ■ K) 

TABLE P22.82(a) tabulates these results: 



T (K) 

P (kPa) 

V (cm 3 ) 

A 

293 

100 

500 

B 

673 

1.84 x 10 3 

62.5 

C 

1023 

2.79 x 10 3 

62.5 

D 

445 

152 

500 


TABLE P22.82(a) 

(b) In the ad i abati c process 4->B, Q =0, 

A£ int ,^ B =|nR(T B -Tj 

=|(0.020 5 mol)(8.314 J/mol ■ K)(673 K - 293 K) 
=162 J 

and AE ii%ab = 162J = Q - W out = 0- W out -> W AB = -162J 
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I n the isovolumetric process B ->C, 1/1/ =0 

A^int, B—>C = 2 (T c — T B ) 

=|(0.020 5mol)(8.314 J/mol ■ K)(l 023 K -673K) 
=149 J 

A£ inte _ c =149J=Q-W out =Q-0 -> Q BC =149J 
I n the ad i abati c process C-+D ,0=0 

AEint, C—>D = 2 ( T 0 ~ ) 

=|(0.020 5 mol )(8.314 J/mol ■ K )(445 K -1023 K) 
=-246 J 

A£ intiC ^ D =-246 J =Q-W out =0- W out -> W CD =246J 
For the enti re cycl e, AE int _ net = | nRAT = 0: 

g =-162 J +0+246.3 J +0=84.3J 

A£ int =Q net +W eig =0 _> Qn0t =_ Waig =84.3J 
TABLE P22.82(b) tabulates these results: 



0 

1/1/ 

vv eng 

A£ jn t 

A^B 

0 

-162 

162 

B^C 

149 

0 

149 

C—>D 

0 

246 

-246 

D^A 

-65.0 

0 

-65.0 

A BCD 

84.3 

84.3 

0 


TABLE P22.82(b) 


(c) From B^C, the input energy is Q,, = | 149J | . 

(d) From D^A, the energy exhaust is |Q C | = | 65.0 J | . 

(e) From A BCDA, = | 84.3 J | . 
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w QA ^ I ,_, 

(f) The efficiency is: e = = [0565] 

(g) Let/ 7 represent the angular speed of the crankshaft. Then ^ isthe 
frequency at which we obtain work in the amount of 84.3 J/ cycle: 

1000 J/s =(084.3 j/cycle) 

/ = ^ =23.7 re//s=J 1.42X10 3 rev/min I 

J 84.3 /cycle ' I-'-1 
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lNSWERS TO EVEN-NUMBERED PROBLEMS 


P22.2 (a) 0.25 or 25%; (b) \Q C \I \Q h \ = 3/4 

P22.4 13.7°C 

P22.6 (a) 29.4 L/ h; (b) 185 hp; (c) 527 N ■ m; (d) 1.91 x 10 5 W 

P22.8 (a) 24.0J; (b) 144J 

P22.10 (a) 7.69 x lOPj; (b) 5.67 x ltf J 

P22.12 (a) 2.65 x 10 7 J; (b) 3.20 

P22.14 0.540 or 54.0% 

P22.16 The efficiency of a Carnot engi ne operati ng between these 

temperatures is 6.83%. Therefore, there is no way that the i nventor's 
engi ne can have an efficiency of 0.110 = 11.0%. 

P22.18 (a) PAt\ —^- ; (b) PAt\ —L 

U,-rJ {T h -T c ) 

P22.20 (a) See P22.20(a) for the full solution; (b) SeeP22.20(b) forthefull 

solution. 

P22.22 72.2 J 

P22.24 0.330 or 33.0% 

P22.26 (a) 0.300; (b) 1.40 x 10“ 3 K" 1 ; (c) -2.00 x 1C 3 K _1 ; (d) N o. The derivative 

in part (c) depends only on T h 

P22.28 (a) 5.12%; (b) 5.27TJ/ h; (c) Asfossil-fuel prices rise, this way to use 

solar energy will becomeagood buy. 

T 

P22.30 (a) See P22.30(a) for full explanation; (b) 1- —; (c) The combi nation of 

reversi ble engi nes is itself a reversi ble engi ne so it has the Carnot 
efficiency. No improvement in net efficiency has resulted; (d) 

T ; =^(T h +T C ); 

(e) T. =(T h T c ) V2 

P22.32 (a) See TABLE P22.32(a); (b) See TABLE P22.32(b); (c) 23.7%; (d) 23.7% 

P22.34 23.1 mW 

P22.36 (a) 51.2%; (b) 36.2% 

P22.38 See P22.38 for the full derivation 
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P22.40 (a) See TABLE P22.40; (b) 2 heads and 2tails 

P22.42 -610J/ K 

P22.44 717J/ K 

P22.46 2.70 kj/ K 

P22.48 (a) 5.76J/ K; (b) no change in temperature 

P22.50 244J/K 

P22.52 1W/K 

P22.54 (a) AS h = ; (b) AS c = -^;(c) q( —1 

Th T c T c Tj 

P22.56 +1.18J/ K 

P22.58 (a) 0.268; (b) 0.423 

P22.60 8.36x 10 6 J/K-s 

P22.62 (a) 2.93; (b) (COP) refrigeator ; (c) with EER 5, $510, with EER 10, $255; 

Thus, the cost for air conditioning is half as much for an air conditioner 
with EER 10 compared with an air conditioner with EER 5. 

P22.64 (a) 2.49 kj; (b) 1.50 kj; (c) -990J 

P22.66 (a) —L; (b) smaller; (c) 14.6 

1 h 1 c 

P22.68 (a) 214 J and 64.3 J; (b) 35.7 J and 35.7 J. The total energy the firebox 

puts out equals to the total energy transferred to the environment; (c) 
The net flow of energy by heat from the cold to the hot reservoir 
without work input is possible; (d) =233J, |Q h S j = 333J; 

(e) 83.3J; (f) 83.3J; (g) 0; (h) The output of 83.8 J of energy from the 
heat engi ne by work i n a cycl ic process without any exhaust by heat is 
impossible; (i)-0.111 J/K; (j) A decrease in total entropy is impossible. 

P22.70 (a) 8.48 kW; (b) 1.52 kW; (c) 1.09 x 1&)/ K; (d) drop by 20.0% 

P22 ' 72 (r, - 7jcAT 

P22.74 (a) AS = nC p In 3; (b) The pair of processes considered here carries the 

gas from the initial state in P22.ll to the final state here. Entropy is a 
function of state. Entropy change does not depend on path. Therefore, 
the entropy change in P22.77 equals AS isottlOTial +AS adiabatjc in this 
problem. Since AS adiabatic = 0, the answers to P22.77 and P22.74(a) must 
be the same. 


© 2014Cengage Learning. All Rights Reserved. M ay not be scanned, copied or duplicated, or posted to a publicly accessible website, in wholeor in part. 



1198 Heat Engines, Entropy, and the Second Law of Thermodynamics 


P22.76 (a) 10.5 nR 7V; (b) 8.50 nR 7V; (c) 0.190; (d) 0.833; The Carnot efficiency is 

much higher. 

P22.78 (a) 13.4 J/ K; (b) 310 K; (c) 11.1J / K; (d) smaller by less than 1% 

P22.80 The computed changein entropy is 4.88 J/ K, which isnotzero. While 
the statements about energy transfer by heat are true, the mixing 
process is irreversible. After thewater has come to equilibrium, it will 
not spontaneously separate again into warm and cool water. 
Therefore, there is an entropy increase of the mixture during the 
irreversible process. 

P22.82 (a) See TABLE P22.82(a); (b) See TABLE P22.82(b); (c) 149J; (d) 65.0J; 

(e) 84.3J; (f) 0.565; (g) 1.42 x 10 3 rev/ min 
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Electric Fields 


CHAPTER OUTLINE 


23.1 Properties of Electric Charges 

23.2 Charging Objects by Induction 

23.3 Coulomb's Law 

23.4 Analysis Model: Particle in a Field (Electric) 

23.5 Electric Field of a Continuous Charge Distribution 

23.6 Electric Field Lines 

23.7 Motion of aCharged Particle i n aUniform Electric Field 


|* An asterisk indicates a question or problem new tothisedition.| 


lNSWERS to objective questions 


OQ23.1 (i) Answer (c). The electron and proton have equal-magnitude 

charges. 

(ii) Answer (b). The proton's mass is 1836 times larger than the 
electron's. 

OQ23.2 Answer (e). The outer regions of the atoms in your body and the 
atoms making up the ground both contain negatively charged 
electrons. When your body is in close proximity to the ground, these 
negatively charged regions exert repulsive forces on each other. Since 
the atoms in the sol id ground are rigidly locked in position and 
cannot move away from your body, this repulsive force prevents 
your body from penetrating the ground. 


1 
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2 Electric Fields 


OQ23.3 


OQ23.4 


OQ23.5 


OQ23.6 


A nswer (b). To balance the wei ght of the bal I, the magnitude of the 
upward electric force must equal the magnitude of the downward 
gravitational force, or qE =mg, which gives 

^ = (5.0xl0-3kg)(9.80rrVs-) =l2x 
q 4.0x HT 6 C 

A nswer (a). The el ectri c force i s opposite to the fi el d d i recti on, so it i s 
opposite to the velocity of the electron. From N ewton's second law, 
the accel erati on the el ectron will be 

_E x _qE x _(-1.60x 10" 19 c)(l.00x 10 3 N/ c) 
a% m m 9.11x 1CT 31 kg 

=-1.76x 10 14 m/ s 2 


The kinematics equation v 2 x =v\ x +2a x [Ax), with v x =0, gives the 
stopping distance as 


Ax 


-v 2 0x _ -(3.00xl0 6 m/s) 2 
■^7 _ 2(-1.76xl0 14 m/s 2 ) 


=2.56x10 2 m =2.56 cm 


Answer (d). The displacement from the -4.00 nC charge at point 
(0,1.00) m to the point (4.00, -2.00) m has components 
r x =(x / -x i ) =+4.00 m and r y =[y f -y, ) =-3.00 m, so the magnitude 
of this displacement is r =^r 2 +r 2 =5.00 m and its direction is 

6 =tan _1 ^j =-36.9°. Thex component of the electric field at point 
(4.00, -2.00) m is then 

E =Ecosd =^cos d 

r 

(8.99x 10 9 N ■ m 2 / C 2 )(-4.00x 1(T 9 c) # 

=^- 7 - 7cos -36.9° 

(5.00 m) 2 

=-1.15 N/ C 

Answer (a). The equal-magnitude radially directed field 
contributions add to zero. 


OQ23.7 Answer (b). When a charged insulator is brought near a metallic 
object, free charges within the metal move around, causing the 
metal I ic object to become polarized. Withi n the metal lie object, the 
center of charge for the type of charge opposite to that on the 
i nsu I ator will be I ocated cl oser to the charged i nsu I ator than w i 11 the 
center of charge for the same type of charge as that on the i nsu I ator. 
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Thiscauses the attractive force between the charged insulator and the 
opposite type of charge in the metal to exceed the magnitude of the 
repu I si ve force between the i nsu I ator and the same type of charge i n 
the metal. Thus, the net electric force between the insulator and an 
the metallic object is one of attraction. 

OQ23.8 Answer (e). The magnitude of the electric field atdistancer from a 
poi nt charge q i s E = k e q/ r 2 , so 

£ _(8.99x 10 9 N-rm 2 / C 2 )(l.60x 1(T 19 c) 

(5.11x 1CT 11 m) 2 
=5.51x 10 11 N/ C ~ 10 12 N/ C 
making (e) the best choice for this question. 

OQ23.9 (i) A nswer (d). Suppose the positive charge has the large val ue 1 jiC. 
The object has lost some of its conduction electrons, in number 

10r 6 C (1 el 1.60 x 10r 19 C) =6.25 x 1& 2 
and in mass 

6.25 x lO^O.ll x 10r 31 kg) =5.69 x 10r 18 kg. 

Thi s is on the order of 10 14 ti mes smal I er than the ~1 g mass of the 
coin, so it is an immeasurably small change. 

(i i) A nswer (b). The coi n gai ns extra el ectrons, gaining mass on the 
order of 1CT 14 ti mes its ori gi nal mass for the charge -lfiC. 

OQ23.10 Answer(c). Each charge produces a field asif it were alone in the 
Universe. 

OQ23.ll (i) A nswer (d). The charge at the upper I eft creates at the field point 
an electric field totheleft, with magnitude we cal I E v The charge at 
lower right creates a downward electric field with an equal 
magnitude E v These two charges together create a field V2E X 
downward and to the left (at 45°). The positive charge has twice the 
charge but is V2 times farther from the field point, so it creates a 
field 2Ey(V2) 2 =E 1 upward and to the right. Thefieldsfrom the 
two charges are opposite in direction, and the field from the negative 
charges is stronger, so the net field is then (V2 -i)e 1( which is 
downward and to the left (at 45°). 

(ii) Answer (a). With the positive charge removed, the magnitude of 
the field becomes V2E lf larger than before. 
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OQ23.12 Answer (a). The magnitude of the electric force between chargesC^ 

and Q 2 , separated by distance r, isF = k e Q 1 Q 2 lt 2 . If changes are made 
so Q j Q j/ 3 and r _» 2r, the magnitude of the new forceF' will be 

r , (Qi/3)Q 2 _ 1 Q£ 2 _ 1 Qfi 2 _ 1 

' (2r) 2 _ 3(4) ' r 2 _ I2 ' r 2 “l2 

OQ23.13 Answer (c). The charges nearer the center of the disk produce electric 
f i el ds that make smal I er angl es w i th the central axi s of the d i sk; 
therefore, these fi el d s have smal I er components perpend i cu I ar to the 
axis that cancel each other and larger components parallel to the axis 
which reinforce each other. 

OQ23.14 Answer (b). A negative charge experiences a force opposite to the 
direction of the electric field. 

OQ23.15 Answer (a). The magnitude of the electric force between two protons 
separated by d i stance r i s F = k e e 2 /r 2 , so the d i stance of separati on 
must be 


r 


_ K/ _ j(8.99x 10 9 N ■ m 2 / C 2 )(l.60x lO" 19 cf 
\~T~ V 2.30x 10 26 N 


lNSWERS to conceptual questions 


CQ23.1 No. Life would be no different if electrons were positively charged 
and protons were negatively charged. Opposite charges would still 
attract, and I ike charges would repel. The naming of positive and 
negative charge is merely a convention. 

CQ23.2 The dry paper is initially neutral. The comb attracts the paper 

because its electric field causes the molecules of the paper to become 
polarized—the paper as a whole cannot be polarized because it is an 
insulator. Each molecule is polarized so that its uni ike-charged side 
is closer to the charged comb than its I ike-charged side, so the 
molecule experiences a net attractive force toward the comb. Once 
the paper comes in contact with the comb, I ike charge can be 
transferred from the comb to the paper, and if enough of this charge 
is transferred, the like-charged paper is then repelled by the I ike- 
charged comb. 

CQ23.3 The answer depends on whether the person is initially (a) uncharged 
or(b)charged. 

(a) No. If the person is uncharged, the electric field insidethe 
sphere is zero. The interior wall of the shell carries no charge. 
The person is not harmed by touching this wall. 
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(b) If the person carri es a (small) charge q, the electric field insidethe 
sphere is no longer zero. Charge -q is induced on the inner wall 
of the sphere. The person wi 11 get a (smal I) shock when touchi ng 
the sphere, as all the charge on his body jumps to the metal. 

CQ23.4 All of the constituents of air are nonpolar except for water. The polar 
water molecules in the air quite readily "steal" charge from a 
charged object, as any physics teacher trying to perform electrostatics 
demonstrations in humid weather well knows. Asa result—it is 
difficult to accumulate large amounts of excess charge on an object in 
a humid climate. During a North American winter, the cold, dry air 
allows accumulation of significant excess charge, giving the potential 
(pun intended) for a shocking (pun also intended) introduction to 
static electricity sparks. 

CQ23.5 No.ObjectA mi ght have a charge opposite in sign to that of B, butit 

also might be neutral. I n this latter case, object B causes object A (or the 
molecules of A if its material isan insulator) to be polarized, pulling 
uni ike charge to the near face of A and pushing an equal amount of 
I i ke charge to the far face. Then the force of attracti on exerted by B on 
the induced uni ike charge on the near side of A is slightly larger than 
theforce of repulsion exerted by B on the i nduced I i ke charge on thefar 
si de of A. Therefore, the net force on A i s toward B. 

CQ23.6 (a) Yes. The positive charges create electric fields that extend in all 

d i recti ons from those charges. The total fi el d at poi nt -4 is the 
vector sum of the individual fields produced by the charges at 
that point. 

(b) No, because there are no field lines emanating from or 
converging on points. 

(c) N o. There must be a charged object present to experi ence a force. 

CQ23.7 The charge on the ground is negative because electric field lines 
produced by negative charge point toward thei r source. 

CQ23.8 Conducting shoes are worn to avoid the build up of a static charge 
on them as the wearer walks. Rubber-soled shoes acquire a charge by 
friction with thefloor and could discharge with a spark, possibly 
causing an explosive burning situation, where the burning is 
enhanced by the oxygen. 

CQ23.9 (a) No. Theballoon induces polarization of the molecules in the 

wal I, so that a Iayer of positive charge exists near the bal Ioon. 
This is just likethe situation in Figure 23.4a, except that the 
signs of the charges are reversed. The attraction between these 
charges and the negati ve charges on the bal I oon i s stronger 
than the repulsion between the negative charges on the balloon 
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and the negative charges in the polarized molecules (because 
they are farther from the bal I oon), so that there i s a net 
attractive force toward the wall. 

(b) Polar water molecules in the air surrounding the balloon are 
attracted to the excess el ectrons on the bal I oon. The water 
molecules can pick up and transfer el ectrons from the bal I oon, 
red uci ng the charge on the bal I oon and eventual ly causi ng the 
attractive force to be insufficient to support the weight of the 
balloon. 

CQ23.10 (a)Yes. (b) The situation is similar to that of magnetic bar magnets, 
which can attract or repel each other depending on their orientation. 

CQ23.ll Electrons have been removed from the glass object. N egati ve charge 
has been removed from the initially neutral rod, resulting in a net 
positive charge on the rod. The protons cannot be removed from the 
rod; protons are not mobile because they are within the nuclei of the 
atoms of the rod. 


SOLUTIONS TO END-OF-CHAPTER PROBLEMS 


Section 23.1 Properties of Electric Charges 
P23.1 (a) The charge due to loss of one electron is 

0- l(-1.60x 1CT 19 c) = | +1.60 X icr lV ~c] 

The mass of an average neutral hydrogen atom is 1.007 9 u. 
Losing one electron reduces its mass by a negligible amount, to 

1.007 9( 1.660x 1(T 27 kg)- 9.11x 1 (T 31 kg = | 1.67x lQr 27 kg] 

(b) By similar logic, charge = | +1.60x 10~ 19 C | 

mass =22.99(l.66x 10 27 kg)- 9.11x 10 31 kg = | 3.82x lQr 26 kg] 

(c) Gain of one electron: charge of Cl~ = |l.60xl0~ 19 c| 

mass =35.453(l.66x 1 (T 27 kg) +9.11x 10 31 kg = | 5.89x lQr 26 kg~ 

(d) Loss of two electrons: charge of Ca ++ =-2(-1.60x 1(T 19 c) = 

| -f3.20x lO^C] 

mass =40.078(l.66x 10 27 kg)- 2(9.11x 1 (T 31 kg) 

=1 6.65 x 1(T 26 kg I 
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P23.2 


(e) Gain of three electrons: charge of N 3 =3(-1.60x 1CT 19 c) = 

| -4.80x Id 19 C | 

mass =14.007(l.66x 10 27 kg) +3(9.11x Id 31 kg) 

= [ 2.33 x Id 26 kg] 

(f) Loss of four el ectrons: charge of N 4+ =4( 1.60x Id 19 C) = 

| 46.40x Id 19 C | 

mass = 14.007(l.66x Id 27 kg) - 4(9.11x Id 31 kg) 

= [ 2.32 x Id 26 kg] 

(g) Wethink of a nitrogen nucleus as a seven-times ionized nitrogen 
atom. Charge =7(l.60x Id 19 c) = |l.!2xld 18 c| 

mass = 14.007(1.66x Id 27 kg)- 7(9.11x Id 31 kg) 

=1 2.32 x Id 26 kg I 


(h) Gain of one electron: charge = | -1.60x Id 19 C | 

mass =[2(1.0079) +15.999] 1.66x 10 27 kg +9.11x Id 31 kg 


(a) N = 


= \ 2.99x Id 26 kg | 

10.0 grams 
107.87 grams/ mol 
= 1 2.62 xlO 24 I 


6.g2xlCF^¥47 deCtr0nS l 
mol A atom ) 


... M .. . Q 1-OOx Id 3 C added 

(b) # electrons added = — = 


1.60x Id 19 C/ electron 
= 6.25x 10 15 electrons added 
Thus, 


(6.25X10 15 added’ 


_ 2.38 added 

[ 2.62 x 10 24 present J [ 10 9 present 
2.38 el ectrons for every 10 9 already present 


\ 

t J I 
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Section 23.2 Charging Objects by Induction 

Section 23.3 Coulomb's Law 

*P23.3 Theforce on one proton is F = away from the other proton. Its 


magnitude is 

(8.99xl0 9 N • m/C 2 )( 


Inthefirstsituation, F Al 
and \q B \ are the same. 

F Ron „. 7 =-F, n 


i.60x icr 19 c 
2xl(T 15 m 


= \ 57.5 N I 


In the second situation, \q A \ 




r i 

F i r} k e \q A \\q B \ 


Then 


F 2 =^ =(2.62 =1.57 pN 

rl \ 17.7 mm/ 

F BonA , 2 =1 1.57 juN to the I eft I. 


*P23.5 The electric force is given by 


2 ) < ^P 


=-3.60x 10 6 N (attractive) =1 3.60x 10 6 N downward I 


(a) Thetwo ionsareboth singly charged, \q\ = , one positive and 

one negative. Thus, 

Je\<h\H _ Ke 2 


|F| = 


_(8.99x 10 9 N • m 2 / C 2 )(l.60x 1 (T 19 c) 2 
(0.500x 1CT 9 m) 2 
= |9.21xlQr 10 n] 

(b) N o. The electric force depends only on the magnitudes of thetwo 
charges and the distance between them. 
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P23.7 


P23.8 


P23.9 


The end charges, of charge magnitudee, aredistancer =2.17 jum apart. 
The spri ng stretches by x =0.010 Or, and the effective spri ng force 
balances the electrostatic attraction of the end charges: 


kx =k e -~ 2 ^>k =k e —y =k e - 


e (0.010 0r)r 2 e (0.010 0)r 3 
k =(a99x 10^ N ■ m 2 / C 2 ) 

(0.010 0)( 2.17 X 1(T 6 m) 


= 2.25xl0r 9 N/m 


Suppose each person has mass 70 kg. I n terms of elementary charges, 
each person consists of precisely equal numbers of protons and 
electrons and a nearly equal number of neutrons. The electrons 
comprise very little of the mass, so for each person wefind the total 
number of protons and neutrons, taken together: 


(70 kg) 


lu 

1.66 x 10“ 27 kg , 


4x 10 28 u 


Of these, nearly one half, 2 x 10 28 , are protons, and 1% of this is 
2 x 10 26 , constituting a charge of (2 x lO^aeO x 10r 19 C)=3x 10 7 C. 
Thus, Feynman's force has magnitude 

, k e q iqi (8.99 x 10 9 N • m 2 / C 2 )(3 x 10 7 C) 2 

r 2 (0.5 m) 2 ^- 1 


where we have used a half-meter arm's length. According to the 
particle in a gravitational field model, if the Earth were in an 
externally-produced uniform gravitational field of magnitude 
9.80 m/ s 2 , it would weigh F g =mg =(6 x 10 24 kg)(10 m/s 2 ) -10 26 N. 

Thus, the forces are of the same order of magnitude. 


(a) 



r _k e e 2 _(8.99x 10 9 N • m 2 / C 2 )(7.50x 10r 9 c)(4.20x 10r 9 c) 
F ~T 2 (1.80 m) 2 

= 18.74x10^11 


(b) The charges are I i ke charges. |Theforceisrepulsive.| 
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P23.10 


P23.ll 


/ , r _KW 2 _(8.99x 10 9 N ■ m 2 / C 2 )(l.60x 10 19 c) 2 
^ e r 2 ( 3 .80x 1CT 10 m) 2 

= | 1.59x lQr 9 N | (repulsion) 

r _Gm 1 m 2 _(6.67x 1CT 11 N ■ m 2 / C 2 )(l.67x 10‘ 27 kg) 2 
' r 2 (3.80xl0- 10 m) 2 

= pL29x lQr 45 N | 


The el ectri c force i s [larger by 1.24x 10 36 times) 


(c) If k e = G mi with q 1 =q 2 =q and m 1 =m 2 =m, then 


q _ [G _ 16.67 x 1CT 11 N • m 2 / kg 2 
8.99x 10 9 N m 2 / C 2 


8.61x lQr 11 C/kg] 


The parti cl e at the ori gi n 
carries a positive charge of 
5.00 nC. The el ectri c force 
between this particle and 
the-3.00-nC particle 
I ocated on the -y axi s wi 11 
be attractive and point 
toward the-y direction 


5.00 nC 6.00 nC 



ANS. FIG. P23.ll 


and is shown with F 3 in 

the diagram, while the electric force between this particle and the 6.00- 
nC particle located onthex axis will be repulsive and point toward the 


-x direction, shown with F 6 in the diagram. The resultant force should 


point toward the third quadrant, as shown inthediagram with F R . 
Although the charge on the x axis is greater in magnitude, itsdistance 
from the ori gin is three times larger than the-3.00-nC charge. We 
expect the resultant force to make a small angle with the-y axis and be 
approximately equal in magnitude with F 3 . 


From the diagram in ANS. FIG. P 23.11, the two forces are 
perpendicular, and the components of the resultant force are 

N ■ m 2 "|(6.00x 10r 9 C)(5.00x 1 (T 9 c) 
C 2 J (0.300 m) 2 


6 ""( 


■R =- 8.99 x 10 9 


=-3.00xlCT 6 N (to the left) 
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P23.12 


F =-R =- 8.99x 10 9 


N ■ m 2 M3.00x 1(T 9 C)(5.00x 1(T 9 C) 


(0.100 m) 2 


=-1.35xlO~ 5 N (downward) 

(a) The forces are perpendicular, so the magnitude of theresultant is 

F r =^(f 6 ) 2 +( f 3 ) 2 = |l-38xl0r 5 n! 

(b) The magnitude of the angle of the resultant is 

Q =tan _1 ^j =77.5° 

Theresultantforceisinthethird quadrant, so the direction is 
177.5° below -x axis] 


The forces are as shown in AN S. FIG. P 23.12. 


(a) 

(b) 

(c) 



h 




h 


ANS. FIG. P23.12 


-faQO'-itf 1 N m2 l 

(6.00x 10r 6 C)(l.50x 10r 6 C ) 

- ^ -^8.99x10 c2 J 

(3.00xl0r 2 m) 2 

=89.9 N 

- k M -fsOD-itf N ' m! ' 

\(6.00xl(r 6 c)(2.00xl0r 6 c) 

- 4 T" xl<r w 

J (5.00xl(T 2 m) 2 

=43.2 N 


|(l.50xl0r 6 c)(2.00xl(r 6 c) 

4 Q 2 

J (2.00x 10r 2 m) 2 


=67.4 N 


The net force on the 6 /l/C charge is 


V) =Fi -4 = | 46.7 N to the lit] 
The net force on the 1.5 /l/C charge is 
f (i. 5 ^) = F 1 +F 3 = 1157 N to the right | 
The net force on the -2 juC charge is 
f (- 2 uc ) = F 2 +F 3 = 1 111 N to the left | 
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P23.13 (a) Let the third bead havechargeQ and be located distancex from 

the left end of the rod. This bead will experience a net force given 
by 

F = ke t^) Q i i), Where d = 1.50 m 

x 2 [d-xf x 1 

3 1 x 

The net force wi 11 be zero if — = 7 -—rj, or d - x = —j =. 

x [d-xf V3 

Thisgivesan equilibrium position of thethird bead of 
x =0.634/ =0.634(1.50 m) = 10.951 m| 


P23.14 


(b) [Yes, if thethird bead has positive charge. | The equilibrium would 
be stable because if chargeQ were displaced either to the left or 
right on the rod, the new net force would be opposite to the 
direction Q has been displaced, causing it to be pushed back to its 
equilibrium position. 

(a) Let thethird bead have chargeQ and be located distancex from 
the left end of the rod. This bead will experience a net force given 
by 


.MiQf , M2Q / f] 

' 2 (d-xf [ J 


The net force will be zero if % = , 2 : 

x ( d-xf 


_ ^2 

X 2 [d-xf 

because d >x. Thus, 


.2 f q 2 

Ui 


d-x=x — 
hi 


d-x=xfe -> d=x+x^=xi &^M ) 

hi hi v hi J 


hi 


hi + h> 


(b) [Yes, if thethird bead has positive charge. | The equilibrium would 
be stable because if chargeQ were displaced either to the left or 
right on the rod, the new net force would be opposite to the 
direction Q has been displaced, causing it to be pushed back to its 
equilibrium position. 
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P23.15 The force exerted on the 7.00-/L/C charge by the 2.00-/uC charge i s 


Fi=fc ( 


Mi; 


(8.99x 10 9 N ■ m 2 /C 2 )(7.00x 10 6 C)(2.00x 10 6 C) 
(0.500 m ) 2 


Fj =(0.252 i +0.436 j) N 


x (cos 60°i +sin 60°j) 


Similarly, the force on the7.00-juC charge by the -4.00-jiiC charge is 


(8.99x 10 9 N ■ m 2 / C 2 )(7.00x 10 6 C)(-4.00x 10 6 C) 
(0.500 m ) 2 

x(cos60°i-sin60°j) 

F 2 = (0.5031-0.872 j) N 
Thus, the total force on the7.00-jiiC charge is 
F =F 1 +F 2 =(0.755i- 0.436 j) N 
We can al so write the total force as: 


F =(0.755 N )i - (0.436 N) j = | 0.872 N at an angle of 330°^ 



ANS. FIG. P23.15 


P23.16 Consider thefree-body diagram of one of the 
spheres shown in ANS. FIG. P23.16. Here, T is 
the tension in the string and F e is the repulsive 
electrical force exerted by the other sphere. 

=0 => T cos5.0° =mg 


or 


j _ mg 

cos 5.0° 

XT* =0 => F =T sin 5.0° =mg tan 5.0° 


+v 

5.0° 


iff 


ANS. FIG. P23.16 


A t equ i I i bri u m, the d i stance separati ng the two spheres i s 
r =2Lsin5.0°. 
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P23.17 


P23.18 


Thus, F e =mg tan 5.0° becomes 


K<i 2 

(2Lsin5.0°) 2 


=mg tan 5.0°, which yields 


mg tan 5.0°(2sin 5.0°) 2 


(8.99x 10 9 N • m 2 / C 2 )(7.20x 1CT 9 c) 2 
(0.200x 10 3 kg)(9.80 m/ s 2 )tan5.0°(2sin5.0°) : 


= |0.299 m| 


_2. /~2 \ (l-60x 10 ~ 19 c ) 2 


(a) F=^-=(8.99xl0 9 N m 2 /C 2 ) 
toward the other particle. 

(b) We have F = rr ^~ from which 


(o. 529 x lCr 10 m ) 2 


=|8.22x 1CT 8 N I 


_ K 8.22 x 1(T 8 N)(0.529 x HT 10 m) 

9.11x 1(T 31 kg 


= |2.19xl0 6 m/sj 

Charge C is attracted to charge B and 
repelled by charge A, as shown in A NS. 
FIG. P23.18. In the sketch, 

r BC =y/( 4.00 m) 2 +(3.00 m) 2 =5.00 m 



,-6.00 x 1(HC 




and 


9 =tan 


3.00 m 
4.00 m 


=36.9° 


3.00xl(HC (4.00 tn,0) 

ANS. FIG. P23.18 


(a) (F AC ),=i 

<b) (F AC \=\F AC \=k)^M 

r AC 

i \ ,„ m ., ^,,(3.ooxia 4 c)(i.ooxia 4 c) 

foe), =(a99xicf N m / C 2 )^-r- L 

= | 30.0 N | 
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P23.19 


P23.20 


(c) \F BC \=k e 


Ifolkd 


, q , 7 J6.ooxicr 4 c i.ooxicr 4 c 

= 8.99x 10 9 N ■ m 2 / C 2 U- ; r= 

v 1 (5.00 m) 2 

= [21.6 N | 

(d) (f bc ). =|F Rr |cos0 =(216 N) cos( 36.9° | = 17.3 N | 

(e) (f BC ) y =-|F Rr |sin 6 =-(216 N)sin(36.9°) = |-13.0 N) 

(f) (f R L =(Fac L +(f BC L =0+17.3 N = 17.3 N [ 

(9) (h\ =(Fac ) y +(Fbc ) y =30.0-13.0 N =\ME 

(h) F r =p R f x +(F R f y =V(17.3 N ) 2 +(17.0 N ) 2 =24.3 N 

Both components are positive, placing theforce in the first 
quadrant: 


(p =tan 


(fj; 

(FI 


117.3 N J 


44.5° 


Therefore, F R = 124.3 N at 44.5° above the +x direction | . 
The force due to the fi rst charge is given by 
_KQ(2Q) ~._KQ 2 1 


F,= 


F 2 i] 


and the force due to the second charge is given 
by 

p _ fc.oto) fj-n _fc.o 2 r i-1~ 

2 p+?)l_V2j d 2 \ 2yj2 
thus the total force on the point charge -K) located atx =0andy =d\s 

F n 


+2Q -Q 

ANS. FIG. P23.19 




Each charge exerts a force of magnitude 


KqQ 


- on the negative 


' ( d / 2 ) 2 +x 2 

charge-0: the top charge exerts its force directed upward and to the 
left, and bottom charge exerts its force directed downward and to the 


©2014Cengage Learning. All Rights Reserved. M ay not be scanned, copied or duplicated, or posted to a publicly accessible website in wholeor in part. 



























16 Electric Fields 


P23.21 


left, each at angle d = tan 


[2x)‘ 


respectively, above and below thex 


axis. The two positive charges together exert a net force: 

KqQ 


F = -2 


{dl 2) 2 +x : 


COS01 


or for x 
(a) 


•J KdQ 

X 

(d 2 /4+x 2 ) 

J[(d 2 /4+x 2 ) V2 

-2 xk,qQ 

(474+*rJ 

i =ma 


^ g __( 

[md 3 /8 J 

k ^ a~ ( 


16 k e qQ 
md 3 


The acceleration of the charge is equal to a negative 
constant times its displacement from equiIibrium, as in 
a = -© 2 x, so we have Simple Harmonic Motion with 

„ 2 16 KqQ 

md 3 


(b) co 2 


f2 ifl^Q 2n _ 

7T j rad 3 

y T J md 3 « 

2 }jk^Q 


wherem isthe 


mass of the object with charge -Q. 


(c) v mgK = coA = \4aJ 


(a) The force is one of | attraction] . Thedistancer in Coulomb's law 
is the distance between the centers of the spheres. The magnitude 
of the force is 

F _Kmi 


, - , lzoxicr 9 c laoxicr 9 c 

= 8.99x 10 9 N ■ m 2 / C 2 U- 7 - - —^ 

v 1 0.300 m 2 


2.16x 10r 5 N 
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(b) The net charge of-6.00 x 10r 9 C will be equally split between the 
two spheres, or -3.00 x 10r 9 C on each. The force is one of 
| repulsion] , and its magnitude is 


_ Ml?2 


, Q , x (3.00x 10r 9 c)(3.00x 1CT 9 c) 

= 8.99x 10 9 N • m 2 / C 2 -- 7 -^^ 

V 1 0.300 m 2 


I 8.99 x 10r 7 N I 


P23.22 


Each of the dust particles is a particle in equilibrium. Express this 
mathemati cal I y for one of the parti cl es: 

= 0 -» F e -F g = 0 -» F e = F g 


where we have recognized that the gravitational force is attractive and 
the el ectri c force i s repu I si ve, so the forces on one parti cl e are i n 
opposite directions. Substitute for the forces from Coulomb's law and 
N ewton's law of universal gravitation, and solvefor q, the unknown 
charge on each dust particle: 




Substitute numerical values: 


_ 1 6.673 x 10 11 N ■ m 2 / kg 2 
q “V 8.987 6 x 10 9 N ■ m 2 / C 2 
= 8.61 x lOr 20 C 


(l.00 x 10 r 9 kg) 


This i s about half of the smal I est possi ble free charge, the charge of the 
el ectron. N 0 such free charge exi sts. Therefore, the forces cannot 
balance. Even if the charge on each dust particle is due to one el ectron, 
the net force will be repulsive and the particles will move apart. 


Section 23.4 Analysis Model: Particle in a Field (Electric) 
*P23.23 For equilibrium, F e = -F ? or qE =-mg(-j). Thus, 

E = ^j. 

9 
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18 Electric Fields 


P23.24 


P23.25 


(a) For an electron, 

g _mg : _(9.11x 1(T 31 kg)(9.80 m/s 2 ); 

" 1 " -i.60x icr 19 c J 

= | ~(5.58x 1CT 11 N/C)j | 

(b) For a proton, which is 1836 times more massive than an electron, 

g _ m g • _(l-67x 1(T 27 kg)(9.80 m/s 2 ): 

” q ] ~ -1.60x 1(T 19 C J 

= | (l.Q2xl(r 7 N/C)j | 

In order for the object to "float” in the electric field, the electric force 
exerted on the object by the field must bedirected upward and havea 
magnitude equal to the weight of the object. Thus, F e =qE =mg, and 
the magnitude of the electric field must be 

ms (3.80x10 3 kg)(9.80m/s 2 ) ,---, 

E =---- = 2.07x 10 3 N/C 

\q\ 18.Ox 10 6 C 1 - 1 


The el ectri c force on a negati vel y charged object i s i n the d i recti on 
opposite to that of the el ectri c fi el d. Si nee the el ectri c force must be 
directed upward, the electric field must bedirected [downward] . 


We sum the el ectri c fi el ds from each of the other charges usi ng 
Equation 23.7for the definition of the electric field. 

The field at charge q is given by 

e =Mi; +h£i{ +h3±i 

E 2 r l ~ 2 r 2 ^ 2 r 3 


(a) Substituti ng for each of the charges gives 

E =^1+^(1-00545.0“ + jsn45.0») + *^>j 
a 2a ' 'a 

=J ^[i 2 + f cos45 - 0 °) * + (| si n 45 -°° +4 ) i ] 

= ^(3.06i +5.06j) 


(b) The electric force on charge q is given by 
F =qi J 


^|-(3.06i +5.06j) 
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P23.26 


P23.27 



-2 q 

ANS. FIG. P23.26 


The total f i el d at the center of the ci rcl e has components 
E =(E cos30.0°-E cos30.0°)i - ( E' +2Esin 30.0°) j 
=- (£' +2 E si n 30.0°) j =- (2E +2E si n 30.0°) j 
=-2E (1 +si n 30.0°) j 

=-2^(l+sin30.0°)j =-2^(l.50)j = 



(a) See A NS. FIG. P23.27(a). The 
di stance from the-K? charge on 
the upper left is c/, and the 
di stance from the-K? charge on 
the lower right to point P is 

V < d / 2) 2 +( rf / 2) 2 

The total electric field at point P 
is then 



ANS. FIG. P23.27(a) 


Ep 


•[(d/2f+(d/2f 


Qj-1 Q zi±j 

d 2 i 2 /2{ V2 


t ,«[(l-V2)i + V2j] 
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P23.28 


(b) See A NS. FIG. P23.27(b). The 
d i stance from the -K) charge on 
the lower right to point P' is 2d, 
and the d i stance from the -K? 
charge on the upper right to 
pointP' is 



ANS. FIG. P23.27(b) 


V < d / 2) 2 +( rf / 2) 2 


The total electricfield at pointP' isthen 


‘[(i/2) 2 +(i/2) 2 ]t V2 ) ’(2df 


=~K 


"_Q_( 

i ~+il + Q ( [) 

[m 

V2 J 4i 2 ' 1 






(a) One of the charges creates at P a fi el d 

:jKQ/n): 


at an anglefltothex axisas shown in ANS. 
FIG. P23.28. When all the charges produce 
the field, for n > 1, by symmetry the 
components perpendicular to thex axis 
add to zero. 



ANS. FIG. P23.28 


The total field isthen 


MQ/ rc)i. 


k e Q x i 


<« 2 ^ 2 r 


(b) 


A circle of charge corresponds to letting n grow beyond 
all bounds, but the result does not depend onn. Because 
of the symmetri cal arrangement of the charges, smeari ng 
the charge around thecircledoes not change its amount 
or its distance from the field point, so it does not change 
the field. 
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P23.29 The field of the positively-charged 

object is everywhere pointing radially 
away from its location. The object with 
negative charge creates everyw here a 
field pointing toward itsdifferent 
I ocati on. These two f i el ds are d i rected 
along different lines at any point in the 
plane except for points along the 
extended linejoining the particles; so 
the tw o f i el d s can not be op posi tel y- 
di rected to add to zero except at some 
location along this line, which we take 
asthex axis. Observing the middle 
panel of ANS. FIG. P23.29, we see that 
at poi nts to the left of the negatively- 
charged object, this particle creates 
f i el d poi nti ng to the ri ght and the 
positive object creates field to the left. 

At some poi nt along this segment the 
fields will add to zero. At locationsin 
between the objects, both create fields 
pointing toward the left, so the total field is not zero. At poi nts to the 
right of the positive 6 -jiiC object, its field is directed to the right and is 
stronger than the leftward field of the-2.5-/JC object, so the two fields 
cannot be equal in magnitude to add to zero. We have argued that only 
at a certai n poi nt straight to the left of both charges can the fields they 
separately produce be opposite in direction and equal in strength to 
add to zero. 

Letx represent the distance from the negatively-charged particle (charge 
g_) to the zero-field point to its left. Then 1.00 m +x is the distance from 
the positive particle (of charge^) to this point. Each field is separately 
described by 

E = k e qi/x 2 

so the equality in magnitude required for the two oppositely-directed 
vector f i el d s to ad d to zero i s d escri bed by 

KM _ KM 

x 2 (lm+x ) 2 

It is convenient to solve by taki ng the square root of both sides and 
cross-multiplying to clear of fractions: 

|^_| V2 (lm+x)=^ 2 x 
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P23.30 


©2014Cengage Learning 


lm+x: 


r6.oof 2 

I2.50J * 


=1.55* 


1 m =0.549x 


and j| M] 1-82 m to the left of the negatively-charged object. 

(a) Lets =0.500 m be length of a sideof thetriangle. Call q : = 7.00 qC 
and q 2 =|-4.00jL/C| =4.00 jLyC. The electric field at the position of 
the 2.00- fjC charge is the sum of the fields from theothertwo 
charges: 


E =E X +E 2 =k e %r x +k e %r 2 
h r 2 

substituting, 

E =fc e % (- cos60.ff i - si n 60. CT j) +k e % i 
=^-[(q , 2-^i c os60.0 > )i — t/iSin 60.CT j] 
substituting numerical values, 

? J 8.99x10? Nm 2 /C 2 ] 

[ (0.500 m) 2 J 

x[4.00x 1(T 6 C-(7.00x 1CT 6 c)cos60.a]i 
-(7.00xicr 6 c)sin60.aj 
E =(l.80x 10 4 N/c)i-(2.18xl0 5 N/c)j 
= (18.0i — 218j) kN/C 
(b) The force on this charge is given by 

F =qE =(2.00x lCT 6 c)(l8.0i - 218j) kN/ C 
= (o.0360i - 0.436j) N 
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P23.31 


P23.32 


Cal I Q = 3.00 nC and q = | -2.00 nC | = 2.00 nC, 
and r =4.00 cm = 0.0400 m. Then, 


Then, 


E 1 = E 2 = 


b =0 


KQ 


and E, = ^ 


E x =E ttl =2^pcos30.0°-^# 

r r 

E x =4(2Qcos30.0°-^) 


r 8.99x 10 9 N ■ m 2 / C 2 


/ Ej 

_ 

-2.00 nC 


v +3.00 nC 

ANS. FIG. P23.31 


* "L (0.040 0 m) 2 

x[2(3.00x 1(T 9 c) cos30.0°- 2.00x 10“ 9 C] 
=1.80x 10 4 N/C 


(a) 11.80x 10 4 N/ C to the right) 

(b) The electric force on a point charge placed at point P is 

F =qE =(-5.00x 1(T 9 c)e = |-8.98x 10 5 N (to the I eft) | 


The first charge creates at the origin afield +q x = o q 

—O—I—I—b-O-v 

k O 

to the right. Both charges are on thex 
a 2 ANS. FIG. P23.32 

axis, so the total field cannot have a vertical 
component, but it can be either to the right or to the left. If the total 
field at the origin is to the right, then q must be negative: 


Ka- i+ K3_., 

« 2 (3a) 2 


_2 KQ: 


q =-9Q 


In the alternative, ifthe total field at the origin istotheleft, 


KQj .Kq 
a 2 9a 2 



q =+27Q 


The field at the origin can be to the right, if the unknown charge is -9Q, 
or the field can betotheleft, if and only if theunknown chargeis +27Q. 
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24 Electric Fields 


*23.33 


*P23.34 


*P23.35 


Fromthefree-body diagram shown in ANS. FIG. 
P23.33, 

=Q T cos 15.0° =1.96x 1 Cr 2 N 

So T = 2.03x 1CF 2 N. 

From = 0 , we have qE =T sin 15.0°, 
or 



= 0.019 6 N 




Tsin 15.0° _(2.03x lQr 2 N)sin 15.0° 


=5.25x 1(T 6 C = 


1.00xlO 3 N/C 
I 5.25 /jC I 


(a) The d i stance from each charge to the 
point aty =0.500 m is 

d =V( 1.00 m) 2 +(0.500 m) 2 =1.12 m 


ANS. FIG. P23.33 


the magnitude of the electric field from 
each charge at that point is then given by 

ky _ (8.99x 10 9 N ■ m 2 / C 2 )(2.00x 1(T 6 C 
r 2 (1.12 m) 2 


1.00 m 1.00 m 

ANS. FIG. P23.34 


=14400 N/C 


Thex components of the two fieldscancel and they components 
add, giving 

E x = 0 and E y =2(14400 N/ C)sin26.6° =1.29x 10 4 N/C 


so E = 1.29x 10 4 j N/C . 


(b) The electric force at this point isgivenby 

F =qE =(-3.00x 1(T 6 C)(l.29x ltf N/ Cj) 
=1 -3.86 x 10r 2 j N I 


(a) The electric field attheorigin duetoeach of the charges is given by 

h 

(8.99x 10 9 N ■ m 2 / C 2 )(3.00x lQr 9 c) 


(0.100 m ) 2 

^(ZTOxlO 3 N/C)j 


-JJ 
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_(8.99x10® N m 2 / C 2 )(6.00x 1CT 9 C)/ 

(0.300 m) 2 ' 

=-(5.99xl0 2 N/C)i 
and their sum is 

E =E 2 +E, = | -(5.99X10 2 N/C)i-(2.70xl0 3 N/C)j 



0-3.00 nC 

ANS. FIG. P23.35 


(b) The vector electric force is 

F =qE =(5.00x HT 9 C)(-599i - 2 700j) N/C 

F =(-3.00x 10r 6 i - 13.5x l(T 6 j) N = 

*P23.36 The el ectri c f i el d at any poi nt x i s 

r _ K°l k e q _ k e q{Aax) 

~Jx--aY ~[x-[-a)] 2 ~( x 2 -a 2 ) 2 


(-3.00i- 13.5j) juN 


When x i s much, much greater than a, we fi nd 


Aa[k e q) 


Section 23.5 Electric Field of a Continuous Charge Distribution 


P23.37 (a) From Example 23.7, the magnitude of the 

electric field produced by the rod is j-H.ocm^ 

, . —d—*- (') * ') 

I I _ _k e \QI i)i _ k e Q ^36.0cm—-i 

1 '~d(i+d)~ d(£+d) ~d[t+d) ANS. FIG. P23.37 

_(8.99x 10 9 N • m 2 / C 2 )(22.0x 10“ 6 c) 

(0.290 m)( 0.140 m +0.290 m) 


E = |l.59x 10 6 N/C| 
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26 Electric Fields 


(b) The charge is negative, so the electric field is directed towards its 
source, |to the right] . 

P23.38 The electric field for the disk is given by 

E=2xkJl- * ) 

{ 4 ? +R 2 J 

in the positivex direction (away from the disk). Substituting, 


P23.39 


E =2?r(8.99x 10 9 N • m 2 / C 2 )(7.90x 1 CT 3 C/ m 2 ) 

xfl- 


Vx 2 +(0.350) 2 


=(4.46x10 s N/C) 1 


Vx 2 +0.123 

(a) At x= 0.050 0 m, 

E = 3.83x 10 s N/ C = | 383 M N/ C | 

(b) At x =0.100 m, 


E = 3.24x 10 s N/ C = | 324 M N/ C | 

(c) At x =0.500 m, 

E = 8.07 x 10 7 N/ C = | 80.7 M N/C | 

(d) Atx =2.000m, 

E = 6 . 68 x 10 8 N/ C|| |6.68 M * 

We may particularize the result of Example 23.8to 

, , kxQ (8.99xl0 9 N m 2 /C 2 )(75.0xlCr 6 C/m 2 )x 

|E| -- 

6.74xl0 5 x 

(x 2 +0.010 0) 3/2 


w here we choose thex axi s al ong the axi s of the ri ng. The f i el d i s 
paral I el to the axi s, d i rected away from the center of the ri ng above 
and below it. 

(a) Atx =0.0100 m, E = 6.64x 10 6 i N/ C = [ 6.64i M N/ C I 


©2014Cengage Learning. All Rights Reserved. M ay not be scanned, copied or duplicated, or posted to a publicly accessiblewebsite, in whole or in part. 



Chapter 23 27 


P23.40 


P23.41 


(b) Atx =0.050 0 m, E = 2.41x 10 7 i N/C = 24.1i M N/C 


(c) Atx =0.300 m, E = 6.40x 10 6 i N/C = 6.4Qi M N/C 


(d) Atx =1.00 m, E = 6.64x 10 5 ! N/ C = | 0.664i M N/ C | 
The electric field c 


i atadistancex is E r =2 nk„<j 1- . x = 
l ylx 2 +R 2 _ 


This is equivalent to 


R z 

For largex, -y «1 and 


E x =2 nk„o\ 1- 


E x =2nk e <j\ 


yjl +R 2 /x 




[l+R 2 /[2x 2 )~ l) 

[i + rv(v)] 


Substitute o = 


nR 2 ' 

r _ *,e(y* 2 ) _ kg 

■ [l+R 2 /(2* 2 )] x 2 +R 2 /2 


But for x »R , - 


- +R 2 /2 


k O 

E x “ 7 for a disl< at large distances 

xr _ 

(a) From Example 23.9, 


; =2nk e o 1- 


yjx 2 +R? 


here, 


_ Q _ 5.20x 1(T 6 
kR 2 tt(0.0300) 2 


1.84x 10r 3 C/ m 2 
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Electric Fields 


P23.42 


the electric field is then 
E =2nk e o\ 1 


E =27r(8.99x 10 9 )(l.84x 1CT 3 ) 


0.00300 


E=(l.04xlOP N/C) 1 


=19.36x 10 7 N/Cl 


V(0.00300) 2 +(0.0300) : 

0.00300 

^(0.00300) 2 +{0.0300) 2 


(b) The near-field approximation gives: 

E =2nk e o =1 1.04x 10 3 N/C (about 11%high) I 


(c) The electric field at this point is 
E=(lO4xl0P N/C) 1 


0.300 


V(0.300) 2 +(0.0300) 2 

= | 5.16x 10 5 N/~C~| 

(d) With this approximation, suppressing units, 

=| 5.19x10 5 N/C (about0.6%high) | 

(a) The electric field atpointP due to each 


element of length dxlsdE = 


k e dq 


and 


x 2 +d 2 

is directed along the line joining the 
el ement to poi nt P. The charge el ement 
dq =Qdx/ L. Thex and y components are 

E x = jdE x = jdEs\n6 

where sin# = . x 

yld 2 +x 2 


ANS. FIG. P23.42 


©2014Cengage Learning. All Rights Reserved. M ay not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 
























Chapter 23 29 


P23.43 


and 


E y = jdE v = jdE cosO where cosO = 




Therefore, 




Q r xdx 


L{ [d 2 +x 2 f 2 e L 


-1 


(d 2 +x 2 \ 


E = —k — 

x e L 


[d 2 + L 2 f 2 (d2+0 y: 




d~(d 2 +L 2 f 


and 




Qd r dx Qd , 

L{(d*+xT L 

-0 


- k Q_ 

X 

e n 

(rf 2 +l 2 y 2 


d 2 (d 2 +x 2 )' 
> E, 


1 


' d (,i 2 + L 2 ) V: 


(b) When d»L, 


1 1 

k 9. 

1 1 

d ( d 2 +L 2 f\ 

e L 



and 


£ -?c Q 1 >/c Q 1 

y K d(d 2 + L 2 r^ K d(d 2 T 


E ~k — 
Ey ~ K d 2 


which isthe field of a point charge Q atadistanced along the 
y axis above the charge. 

(a) Magnitude \E\ = where dq = l^x 



KK 

x 0 
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P23.44 


P23.45 


(b) The charge is positive, so the electric field pointsaway from its 
source, |to the leftl . 


(a) The electric field atpointP, duetoeach 

element of length dx, is dE = J^S— and is 
x 2 +d 2 

di rected along the I i ne joi ni ng the el ement to 
poi nt P . By symmetry, 

E x = jdE x = 0 
and since dq = Mx, 



E = E y = jdE y = jdE cosd 


where cos# 



ANS. FIG. P23.44 


Therefore, E 


IR Hr 

=2k e M\ m 

o (x 2 +d 2 f- 


2/c ,Asin0 n 


with sin0 o 


. £2 


(b) 


For a bar of infinite length, 0 O =90° and 


d 


Due to symmetry, E y = jdE y = 0, and 

E x = -J dEs\n6 = where dq = Ms = XrdO ; the 

component E x is negative because charge q =-7.50/jC, 
causing the net electric field to be directed to the I eft. 


E x 


=-^Jsin0d0 =-^(-cose)|g 

r o r 


2k e l 
r 



ANS. FIG. 
P23.45 


where A = — and r = —. Thus, 

L K 

_ 2k e \q\n _ 2(8.99x 10 9 N ■ m 2 / C 2 )(7.50x 10r 6 c)tt 
* 1 } (0.140 m) 2 

E x =-2.16x 10 7 N / C 


(a) magnitude E = |2.16x 10 7 N/ C| 
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P23.46 


(b) | to the I eft | 

(a) Wedefinex = Oat the point where we are to find thefield. One 

ring, with thickness dx, has charge and produces, at the 

h 

chosen point, afield 

k p x Qdx: 

dE = 7 --—.J#—i 

(x 2 +R 2 f # 

The total field is 


<Hh 

E = J dE = J 

all charge d 

-vT d-ih 


k e Qxdx : 
h(x 2 +R 2 ) 3/21 


=^~ f [x 2 +R 2 \ 3,2 2xdx 
2 h 


integrating, 


_k e Qi[x 2 +R 2 


2 h (-1/2) 

L =d 

KQi 

1 1 

h 

(<?+rT (u+hf+RTl 


(b) Think of the cylinder as a stack of disks, each with thickness dx, 

charge , and charge-per-area o = ^5 . One disk produces a 

h nRh 


field 




kK 1 }! I " (.v 2 +R 2 ) 12 

C ? f ri f" 2KQdx 

So, E = J dE = J ^ 


all charge 

_ 2k e Qi 

R 2 h 

_2k e Qi 


R 2 h 


R 2 h { (x 2 +R 2 ) V2 

J dx-^f (x 2 +R 2 Y V2 2xdx\ 
d 2 x= t J 


1 [x 2 +R 2 ) 
U 2 12 
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2k,Qi 


F= 2fc e Qi 
R 2 h L‘ 


[d +fc-d-((d +hf +R 2 ) V2 +(d 2 +K 2 ) V2 ] 


7z+(d 2 +R 2 ) y2 -[{d +hf +R 2 ) V ' 


Section 23.6 Electric Field Lines 

P23.47 Thefield linesareshown in ANS. FIG. 

P23.47, where we've foil owed the rules 
for drawing field lines where field lines 
point toward negative charge, meeting 
the rod perpendicularly and ending 
there. 


1 r ^ 

T 

ANS. FIG. P23.47 


P23.48 For the positively charged disk, a side view of thefield lines, 
pointing intothedisk, isshown in ANS. FIG. P23.48. 

_N 1 / £ 

ANS. FIG. P23.48 

P23.49 Field I i nes emerge from positive charge and enter negative charge. 

(a) The number of field lines emerging from positiveg 2 and entering 
negative charge q 1 is proportional to thei r charges: 

di = i6 J _1 

q 2 18 3 

(b) From above, | g x is negative, g 2 is positive | . 

P23.50 (a) The electric field hasthegeneral appearance shown in ANS. FIG. 

P23.50 below. 

(b) It is zero | at the center 7 ] , where (by symmetry) one can see that 
the three charges individually produce fields that cancel out. 

I n addition to the center of the triangle, the electric field I i nes in 
the second panel of ANS. FIG. P23.50 indicate three other points 
near the middle of each leg of the tri angle where E =0, but they 
are more diffi cult to find mathematically. 
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(c) 


You may need to review vector addition in 
C hapter 1. The el ectri c f i el d at poi nt P can 
be found by adding the electric field 
vectors due to each of the two lower point 
charges: E =E X +E 2 . 


The el ectri c fi el d from a poi nt charge i s 



As shown in the bottom panel of A NS. FIG. 
P23.50, 




to the right and upward at 60°, and 

e 2 =*,4 

a 

to the left and upward at 60°. So, 


V 


ANS. FIG. P23.50 


E =E 1 +E 2 =/c e 4[( c os60°i +sin60°j) +(-cos60°i +sin60°j)] 


=fc e 4[ 2 ( sin60 °i)]= 1-73^4? 


Section 23.7 Motion of a Charged Particle in a 
Uniform Electric Field 


P23.51 


(a) 


We obtain the acceleration of the proton from the particle under a 
net force model, w ith F =qE representi ng the el ectri c force: 


a 


F _qE _(1.602 x 10 19 C)(640 N/C) 
m 1.67 x 10 27 kg 


=|6.14x10^° nYs^j 


(b) The particle under constant acceleration model gives us 
v f =v t +at, from which weobtain 


t 


1.20 x 10 6 rr/s 
6.14 x 10 10 nr/ s 2 


= [m575] 


(c) Again, from the particle under constant acceleration model, 
Ax =v t t +^at 2 =0+^(6.14x 10 10 rrVs 2 )(19.5x 10 6 s) 2 
= | 11.7 m| 
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(d) Thefinal kinetic energy of the proton is 


K = hnv 2 = ^(1.67x 10 27 kg)(1.20x 10 6 rr/ s) 2 = [l^OxlO 15 ] 


P23.52 (a) 



so a = -5.76x IQ 13 ! m/s 2 |. 


(b) v 2 



0 =v 2 +2(-5.76x 10 13 m/ s 2 )(0.0700 m) 


v ; = |2.84xl0 6 i m/s] 


(c) v f =v { +at 

0=2.84x l(f m/ s+(-5.76x 10 13 m/ s 2 )f H4.93xl0 8 ~sl 
P23.53 We use v f =v t +at, where v ; =0, t =48.0 x 10r 9 s, and a =F/ m =eE/ m. 
For the electron, m = m e = 9.11x HT 31 kg 
and for the proton, m = m p = 1.67 x 1CT 27 kg 
The electric force on both particles is given by 

F =eE =(l.60x 10T 19 c)(5.20x 10 2 N / c) =8.32x HT 17 N 
Then, for the electron, 



=|4.38xl0 6 m/s] 


and for the proton, 



=|2.39x 10 3 m/s] 


P23.54 (a) | Particle under constant velocity] 



E = (-720 j) N/C 


(b) | Particle under constant acceleration] 

(c) The verti cal accel eration caused by the 


ANS. FIG. P23.54 
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electric force is constant and downward; 

therefore, ^he proton moves in a parabolic path just like^ 

Iprojectile in a gravitational field - ] 


(d) 


We may negl ect the effect of the accel erati on of gravity on the 
proton because the magnitude of the vertical acceleration caused 
by the electric force is 


eE _(l.60x 1CT 19 C)(720 N/ C) 
m v 1.67 xlO' 27 kg 


=6.90x 10 10 m/ s 2 


which is much greater than that of gravity. 

Replacing acceleration g in Equation 4.13 with eE/ m p , we have 

vf sin 20 

eE/ m v 


m p vf si n 20 
eE 


_m p vf sin20 _(l.67xl(T 27 kg^affixltf m/s) 2 sin20 
6 eE (l.60x 1(T 19 C)(720 N/ C) 

=1.27xl(r 3 m 

which gives sin20 = 0.961, or 

(9= pfoyj or 9O.O°-0= f5lr] 


(f) 



V ix 


R 

v t cos 0 


If 0=369°, At = | 166 ns | . If 0=53.1°, A t = [ 221ns 


P23.55 The work done on the charge is W = F d = ^E d and the kinetic 
energy changes according to 1/1/ =K f -K i =0 -K. 

Assuming v is in the+x direction, we have {-e)E di = -K. 

Then, eE-[di) =K, and 



(a) E = 


(b) Because a negative charge experiences an electric force opposite 
to the direction of an electric field, the required electric field will 
be I in the direction of motion I. 
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P23.56 


(a) The positive charge experiences a constant down ward force (in 
thedirection of the electric field): 

F =qE =(l.00x Id 6 c)(2000 N/C)(-j) =2.CX)x !CT 3 (-j) N 


and moves with acceleration: 


a 


_(2.00x icr 3 N )(-j) 
'~m 2.00x 10 16 kg 


=1.00x 10 13 (-j) m/s 2 


Note that the gravitational acceleration ison the order of a trillion 
times smaller than the electrical acceleration of the particle. Thus, 
its trajectory is |a parabola] opening downward. 

(b) The maximum height the charge attains above the bottom 
negative plate is described by 

v i =v i +2 a y[y f -y) 

Solving for the height gives 

_v 2 yf - v l _0-[(l.00xl0 5 m/ s)sin37.CT] 2 
VrVi ~ ' 2 a y J 2(l.00xl0 13 m/s 2 ) 

=1.81x 10 4 m =0.181 mm 

Si nee this height is I ess than the 1.00 cm separation of the plates, 
the charge passes through its highest point and returns to strike 
[the negative piate| . 

(c) The parti cl e'sx-component of velocity is constant at 

(1.00 x 10 5 rrV s) cos 37° = 7.99 x 1& m/ s 
Starting at timet =0, wefind the timet when the particle returns 
to the negative plate from 

V f = V‘ + V + \ a f 

Substituting numerical values, 

0 =0+[(l.00x 10 5 nrV s)sin37.d]f +^(-1.00x 10 13 rrV s 2 )t 2 

si nee t >0, the only valid solution to this quadratic equation is 
t = 1.20 x 1(T 8 s. The parti cl e's range i s then 

x f =x t +v x t =0+(7.99x 10 4 nrV s)(l.20x Id 8 s) 

=9.61x Id 4 m 
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P23.57 


The particle strikes the negative plate after moving a horizontal 
distance of 0.961 mm. 


E is directed along they direction; therefore, a x =0andx =v xj t. 

. . x 0.050 0 m 

(a) t = — = 

V xi 

(b) a =^~ = v - =9.21x 10 11 m/s 2 


B - - l.llx 10 7 s= lllnsl 
4.50x 10 5 s 1 - 1 

_ q E _(1.602x 10r 19 C)(9.60x 10 3 N/ c) 
1.67x10 27 kg 


Vf-Vi = V + 2 V : 


y f =^(9.21x ltf 1 m/ s 2 )(l.llx HT 7 s) 2 
=5.68x 10 3 m =| 5.67 mm 


(c) 


v x = 4.50x 10 5 m/ s 

v yf =v yi +a y t =(9.21x 10 11 m/ s 2 )(l.llx 10r 7 s) =1.02x 10 5 nrV s 


& +102j) km/! 


Additional Problems 

P23.58 (a) The whole surface area of the cylinder is 

A =2nr 2 +2 nrL =2 nr(r +L ). 

Q =oA 

=(l5.0x 10r 9 C/ m 2 ) 2n (0.025 0 m)[0.025 0 m +0.060 0 m] 
= fz00x IQ" 10 C | 

(b) For the curved lateral surface only, A =2 K rL. 

Q =oA =(l5.0x 1(T 9 C/ m 2 )[2^(0.025 0 m)(0.060 0 m)] 
= [l41x 1CT 10 C| 

(c) Q =pV =pnr 2 L =(500xHT 9 C/ m 3 )[^:(0.0250 m) 2 (0.0600m)] 

= | 5.89 x lQr 11 C | 
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P23.59 


P23.60 


The electric field isgiven by the sum of thefieldsdueto each of then 
particles: 


E=I 


Mi 




r 


The positive charge, call itg, is50.0cm- 20.9 cm =29. lcm from charge 
Q. The force on q from the -3.00 nC charge bal ances the force on q from 
the-Q charge: 

k e [3.00r\C)q _ k e Qq 
(0.209 m) 2 “(0.291m) 2 


P23.61 


which then gives 


e=(3 -°° nC (Sf = ^^ 

(a) Take u p the i ncl i ne as the positi vex direction. N ewton's second 
law along the incline gives 

XF* =-mgsin0^Q|E =0 
sol vi ng for the el ectri c fi el d gi ves 

HjF 


(b) 


The electric force must be up the incline, so the electric field must 
point down the incline because the charge is negative. 


m* 5.40xl(T 3 9.80 
E s n Q s n 25.0° 

\Q\ |7.00xl(T 6 | 

=13.19x10 s N/C, down the incline! 


P23.62 Thedownward electric force on the 0.800 qC charge is balanced by the 
upward spring force: 

KM2 = kx 
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solving for the spring constant gives 

k= KM 1 

xr 2 

_(8.99xl0 9 N-m 2 / C 2 )(0.800x 1(T 6 c)(0.600x 1CT 6 c) 
(0.0350 m)( 0.0500 m) 2 

= |49.3N/m| 


P23.63 We i ntegrate the expressi on for the i ncremental electric fiel d to obtai n 


E =J dE =J 


c c AoX 0 dx(-i) 


=-^VoiJ 


x~ 3 tFc 


/c e AoX 0 i| 2 x 2| 


- &(-■) 


*P23.64 (a) The gravitational force exerted on the upper 

sphere by the lower one is negligible in 
comparison to the gravitational force 
exerted by the Earth and the downward 
electrical force exerted by the lower sphere. 
Therefore, 

!F y = 0 T-mg-F e = 0 


or 


T =mg + 





ANS. FIG. P23.64 


substituting numerical values, 

T =(7.50x 10r 3 kg)(9.80 m/ s 2 ) 

(8.99x 10 9 N ■ m 2 / C 2 )(32.0x 1(T 9 c)(58.0x 10r 9 c) 
(zOOxlOr 2 m ) 2 

= roii5Ni 


(b) Once again, from the particle under a net force model, 

£F y = 0 ^ T-mg-F e = 0 


or 


KMM 

d 2 


T-mg 
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P23.65 


d = 


sol vi ng for the d i stance d then gi ves 

d Jk\M 

\ T-mg 

substituting numerical values, with T =0.180N, 

(8.99x 10 9 N • m 2 / C 2 )(32.0x 10“ 9 c)(58.0x 1CT 9 c) 
0.180 N -(7.50xl0r 3 kg)(9.80m/s 2 ) 
=1.25x lCr 2 m = | 1.25 cm| 

The proton moves with acceleration 

M = q ~ = (Lg) 1 X ^ 19 C M N/ C) -6.BxItf- .V s 2 

1 p ' m 1.673x 10 kg 

while the electron has acceleration 


kl 


(l.60xl0r 19 C)(640N/C) 
9.110x 10 31 kg 


=1.12xltf 4 m/s 2 =1836o 


(a) Wewanttofind the distance traveled by the proton (i.e., 
d = -at 2 ), knowing: 


4.00 cm =±af+±a,t 2 ={lSSl)[±aA 


Thus, 

d = -at 2 = 400Cm = |2.18x 10r 5 m| 

2 p 1837 1 - 1 

(b) The distance from the positive pi ate to where the meeting occurs 
equal s the d i stance the sod i um i on travel s (i .e., d Na = ^a Na t 2 ). Thi s 
is found from: 

4.00 cm =-a N J 2 +-a n t 2 : 

2 Na 2 Cl 


:f 1) 

> 2 +Y e£ 1, 

! v 22.99 u J 

21 35.45 uj 


4.00 cm =-| 

This may be written as 

4.00 cm =^ Na t 2 +^(0.649ta Na )f 2 =1.65^/ 

, 1 , 2 4.00 cm —- 1 

so d Na = -a Na t 2 = = 2.43 cm 

2 1.65 1 - 1 
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P23.66 We find the equal-magnitude charges on both spheres: 


,= r JI=(l.00m )(- 


l.OOx 10 4 N 


V 8.99x 10 9 N m 2 / C 2 
The number of electrons transferred is then 


r =1.05x 1(T 3 C 


Nyfer = ■ 


i.05 x nr c 


= 6.59x 10 15 electrons 


1.60 x 1 Or 19 C/ e 
The whole number of electrons in each sphere is 
10.0 g 

v 107.87 g/ mol 
=2.62 x 10 24 e~ 

The fraction transferred is then 


N tat = 


j(6.02x 10 23 atoms/ mol)(47 e / atom) 



or 2.51 charges i n every bi 11 ion. 

P23.67 ANS. FIG. P23.67 shows the free-body diagram 
for N ewton's second law gives 

£F =T +qE +F g =0 
We are given 

E x = 3.00 x lCf N/C 
and E y =5.00 x lCf N/C 

Applying N ewton's second law or the first 
condition for equilibrium inthex andy 
directions, 

=qE x -T sin 37.0° =0 
IF, =qE y +T COS 37.0° -rag =0 
(a) Wesolvefor 7 from equation [1]: 



Free Body Diagram 
ANS. FIG. P23.67 


[ 1 ] 

[ 2 ] 
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and substitute into equation [2] to obtain 


mg 


tan 37.CT 

(l.00 x 10 3 kg)(9.80rr/s 2 ) 

( 3.00 x 10 5 N/C 


5.00 x 10 5 N/C 




tan 37. CT 


t7 = |l.09x 10~ 8 c] 


(b) Using the above result for q in equation [1], wefind thatthe 
tension is 

qE x _(l.09x 10“ 8 c)(3.00x 10 5 N/c) 

T sin 37.0° sin 37.0° 

= |5.44 x 10~ 3 N] 


P23.68 This is the general version of the preceding problem .The known 

quantities are-A, B, m, g, and 0. The unknowns are q and T. 

Refer to A NS. FIG. P23.67 above. The approach to this problem should 
be the same as for the last problem, but without numbers to substitute 
for the variables. Likewise, wecan use the free body diagram given in 
the solution to problem 51. 

Again, from Newton's second law, 

XjF, =-Ts\n0+qA=0 [1] 


and X / = cos0 +c lB -mg =0 

(a) Substituting T = into equation [2], we obtain 


qA cos G 


+qB =mg 


sin0 

Isolating q on the left, 


mg 

* (Acotd+B) 


(b) Substituting this value into equation [1], we obtain 

r _ mg A 

[Acosd +Bsin0) 


[ 2 ] 
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P23.69 


If we had solved this general problem first, we would only need 
to su bstitute the appropriate values in the equations for q and T to 
find the numerical results needed for problem 51. If you find this 
problem more difficult than problem 51, the little list at the first 
step is useful. It showswhatsymbolsto think of as known data, 
and what to consider unknown. The list is a guide for deciding 
what to solvefor in the analysis step, and for recognizing when 
we have an answer. 


(a) 


Refer to ANS. FIG. P23.69(a). Thefield, E v dueto the4.00 x 1(T 9 C 
charge i s i n the -x d i recti on. 

_k e cj , _(8.99x 10 9 N ■ m 2 / C 2 )(-4.00x 1(T 9 c) r 
El (2.50 m) 2 1 

=-5.75i N/ C 


y | 

-4.00 5.00 3.00 

nC I nC nC 




0.500 0.800 1.20 


e 2 



ANS. FIG. P23.69(a) 


Likewise, E 2 and E 3 , dueto the 5.00 x 10r 9 C charge and the 
3.00 x 10r 9 C charge, are 

e _M-_( a " xl ° 9 N m2/ C 2 )(5.00xl(T 9 c) r 
Ez ~~P~ T (2.00 m) 2 1 

=11.2 N / C i 

- (8.99xl0 9 N m 2 / C 2 )(3.00x HT 9 cU 

E 3 =1- 7 -^--i =18.7 N/ C i 

3 1.20 m 2 


E r =E x +E 2 +E 3 = | 24.2 N/ C in +x direction | 

(b) In this case, referring to ANS. FIG. P23.69(b), 

Ej =^r =(-8.46 N/ C)(o.243i +0.970j) 

E 2 =^f=(112N/C)(4) 

E 3 =(5.81 N/ C)(-0.37li-t0.928j) 

The components of the resultant electric field are 

E x =E lx +E 3x =-4.21i N/ C E y =E ly +E 2y +E 3y =8.43j N/ C 
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then, the magnitude of the resultant electric field is 


E r = | 9.42 N/^C~| 


and is directed at 


d =tan _1 



= | 63.4° above - x axis] 


.y 



ANS. FIG. P23.69(b) 

P23.70 (a) The two given charges exert equal- 

size forces of attraction on each 


d 


15 cm 


- 0 — * 


other. If a third charge, positive or 
negative, were placed between them 
they could not be in equilibrium. If 


q -12//C 45 H 

ANS. FIG. P23.70 


45 juC 


the third charge were at a point 

x > 15.0 cm, it would exert a stronger force on the 45.0-/L/C charge 
than onthe-12.0-jL/C charge, and could not produce equilibrium 
for both. Thus the third charge must beatx =-d <0. 

| It is possible in just one way^] 

(b) The equilibrium of thethird charge requires 

k e q( 12.0 fjc) _ k e q(45.0 fdC) f 15.0 cm +d) 2 _45.0 
d 2 (15.0 cm+rf) 2 d J 12.0 

Solving, 

15.0 cm +d =1.94? d =16.0 cm 

Thethird charge is at | x = -16.0 cm | . 

(c) The equilibrium of the-12.0-juC charge requires 

k e q (l2.0 /jC) _ fc e (45.0 juC)(l2.0 /jC) 

(16.0 cm) 2 (15.0 cm) 2 


solving, 


q = | +51.3 /jC | 
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P23.71 


All six individual forces are now equal in magnitude, so we have 
equilibrium as required, and this istheonly solution. 


To fi nd the force on the test charge at poi nt P, we 
first determine the charge per unit length on the 
semicircle: 


Q=\U£= J Pi 0 cos 6 Rde ^sine^ 

-90.0° 

=A 0 R[l-(-l)]=2A 0 R 
or Q =12.0 pC =(2^1(0.600)111, 
which gives A 0 =10.0 pd m. 

The force on the charge from each i ncremental 
secti on of the semi ci rcl e i s 

_k e q(Mi)COSd _k e q(X 0 COS 2 ORdd) 

~ R 2 ~ Jr 



Pv/ 

0° 360° 

ilaz 

0° 360° 

ANS. FIG. P23.71 


Integrating, 

-90.0° K K -71/2' Z Z J 

F JyM 

y R [2J 


(8.99x 10 9 N ■ m 2 / C 2 )(3.00x lCr 6 c)(l0.0x lCr 6 C/ m)^|j 
Fy (0.600 m) 

F y =0.706 N, downward = |-0.706i n] 

Si nee the leftward and rightward forces due to the two halves of the 
semi circle cancel out, F x =0. 


P23.72 The magnitude of the electric force is 

given by f = The angles in 

r 

ANS. FIG. P23.72 is found from 


160.0, 


=14.0° 
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_(8.99x 10 9 N • m 2 / C 2 )(l0.0x lCr 6 cf 
(0.150 m) 2 

=40.0 N 

_(8.99x 10 9 N • m 2 / C 2 )(l0.0x 1(T 6 c) 2 _ o m 
" (0.618 m) 2 2-35 N 

_(8.99x 10 9 N • m 2 / C 2 )(l0.0x 1(T 6 cf 
" (0.600 m) 2 Z5 ° N 


F x =-F 3 - F 2 cos 14.0° =-2.50- 2.35cosl4.0° =-4.78 N 
F y =-F, - F 2 sin 14.0° =-40.0- 2.35sin 14.0° =-40.5 N 


(a) F net =^F a 2 +F y 2 =^(-4.78 N ) 2 +(-40.5 N ) 2 = |40.8N| 


-40.5 N 

(b) tan ^ = # = ^ 78 ^ 


P23.73 We model the spheres as particles. They have different charges. They 
exert on each other forces of equal magnitude. They have equal 
masses, so their strings make equal angles 0 with the vertical. We 
definer asthedistance between the centers of the two spheres. We 
fi nd r from 


from which we obtain 

r =(8O.Ocm)sin0 

N ow let T represent the stri ng tension. We have, from the particle 
under a net force model, 

XF = 0: ^^-Fsin0 = O -> ^^ = Fsin0 [1] 

r r 

XF y = 0: T cos 0 - mg =0 -> mg = T cos 0 [2] 

Dividing equation [1] by [2] to eliminateF gives 

^ = , r/2 
r 2 m# ^(40.0 cm) 2 -r 2 / 4 

Clearing the fractions, 

F e ^i^ 2 V(8Q0cm) 2 ^r 2 = mgr 3 
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Substituting numerical values gives 

(8.99x 10 9 N • m 2 /C 2 )(200x 10 9 c)(300x 10 9 c) 

x^/(0.800 m) 2 -r 2 =(2.40x 10 3 kg)(9.80 nrV s 2 )r 3 
Suppressing units, 

(0.800) 2 - r 2 = 1901 r 6 

Instead of attempting to solve this equation, we instead home in on a 
solution by trying values, tabulated below: 


r 0.640-r 2 -1901 r 6 


0 

40.64 

0.5 

-29.3 

0.2 

40.48 

0.3 

-0.84 

0.24 

40.22 

0.27 

-0.17 

0.258 

40.013 

0.259 

-0.001 


Thus the d i stance to three d i gits is 0.259 m = 12.59 cm.| 

P23.74 UseFigure23.24for guidanceon the physical setup of this problem. 
Let the el ectron enter at the ori gi n of coord i nates at the I eft end and 
just under the upper plate, which we choose to be negative so that the 
electron accelerates downward. The electron is a particle under 
constant velocity in the horizontal direction: 

x f = vj 

The el ectron is a particle under constant acceleration in the vertical 
direction: 


y f = W 

Eliminatet between the equations: 


Vf = \ 


y f = 


viz 

2vJJ 
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Substitutefor the acceleration of the particle in terms of the electric 
force: 



Substitute numerical values, letting the final horizontal position beat 
the right end of the plates: 


Vf = 


-(l.60 x 1(T 19 c)(200N/C) 


2(3.00X 1& m/s) 2 (9.11x 10r 31 kg) 
=-0.078 1 m 


(0.200 m) 2 


Therefore, when the electron I eaves the plates, its final position is well 
below that of the lower plate, which is at position y =-1.50 cm = 
-0.015 m. Consequently, because we have let the electron enter the 
field at as high a position as possible, the electron will strike the lower 
platelong beforeit reaches the end, regardless of where it enters the 
field. 


P23.75 


P23.76 


P23.77 


Charge Q resides on each of the blocks, which repel as point charges: 


F=^-=k(L-L l ) 


KQ 2 

m T m 

Solving for 0, we find 

Q=h 


k[l- L { ) 


=(0.500 m). 


(100 N/ m)(0.500 m- 0.400 m) 
8.99x 10 9 N ■ m 2 / C 2 


=|l.67x 10~ 5 C| 


Charge Q resides on each of the blocks, which repel as point charges: 

f'^=k(L-L,) 

Solving for 0, we find 



Consider thefree-body diagram of the rightmost 
chargegiven in ANS. FIG. P23.77. Newton's 
second law then gives 



=0 ^ Tcos0 = rag or T = -^- ^ 

COS0 ANS> FIG> P23.77 
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P23.78 


and 


But, 


Thus, 


1F X = 0 


> F e =Ts\nd =(j^js\nd = mg tan 0 


F - Kh 2 ! Kf _ Kf ! M 2 - SKf 

e r 2 rl (Lsinfl) 2 (2Lsin0) 2 4L 2 sin 2 0 


3kq 2 nr 4L mgsin 0tan0 

4L 2 sin 2 0 5 V 5k e 

If 0 =45°, m =0.100 kg, and L =0.300 m, then 


4(0.300 m) 2 (0.100 kg)(9.80 nrV s 2 )sin 2 (45.0°)tan(45.0°) 
5(8.99xl0 9 N m 2 / C 2 ) 


q =1.98x 10r 6 C =| 1.98 pC \ 


From Example 23.8, the electric field dueto a uniformly charged ring is 
given by 


kQx 


Fora maximum, wedifferentiateE with respect tox and set the result 
equal to zero: 


dE 

dx 


=QK 



=0 


solving forx gives 


x 2 +a 2 - 3x 2 =0 or x = -4= 

V2 

Substituting into the expression for E gives 


r _ KQ a _ KQ 

V2 (iaT 3 #« 2 


2 k e Q 


Q 

343a 2 


&j3n e 0 a 2 
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P23.79 


The charges are q and 2q. The magnitude of the 
repulsiveforcethatonecharge exerts on theother is 

F=2k t 

6 e r 

From Figure P23.79 in the textbook, observe that 
the distance separating the two spheres is 

r =d +2Lsinl0° 

From thefree-body diagram of one sphere given 
i n A N S. FI G. P23.79, observe that 



ANS. FIG. P23.79 


= 0 => T cos 10° =mg or T =mg/ cosl0° 
and 


^F x =0 => F e =T sin 10° sin 10° =mg tan 10° 

Thus, 

2k =mg tan 10 ° — > 2k- ---— =rag tan 10 ° 

e r e [d +2LsinlO°) 


or 


_ \mg[d +2Lsin0) 2 tan 10° 
q ~]j 2k e 

_ [{ 0.015 kg)(9.80 nrV s 2 )[0.0300 m +2(0.0500 m)sin 10°] 2 tan 10° 

~]j 2(8.99xl0 9 N m 2 / C 2 ) 

=5.69x 1(T 8 C 

giving |l,14x 1(T 7 C on one sphere and 5.69x 1(T 8 C on theother.| 

P23.80 (a) The bow I exerts a normal force on each bead, d i rected al ong the 

radius line at angle 0 above the horizontal. Consider thefree- 
body diagram shown in ANS. FIG. P23.80for the bead on the left 
side of the bowl: 

J J F=nsine-mg = 0 -> n = 
y 6 sin0 

Also, 

=-F e +n COSd =0 
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P23.81 


which gives 


F=n COSd , . 

Vs\nd) 

The electric force is 

F - k ' q7 




AndfromANS. FIG.P23.80, 

JR 2 -(d/2) 2 _sj4R 2 -d 2 
{d/2) d 


tan0 

Therefore, 



ANS. FIG. P23.80 


F ' = 


= Kg 2 = m g 


mg 


d 2 “ tanfl V4 R 2 -d 2 /d 
(b) As d 2R , V4R 2 - d 2 0; therefore, [q~- 


q = 


mgd 3 


k e yj4R 2 -d 2 , 


(a) From the 2Q charge we have 

F -T 2 sin0 2 = 0 and mg-T 2 cos0 2 = 0 
Combining these we find 

F T cinfl 

= tan0. 


rag T 2 cos0 2 
From the Q charge we have 

F e = T 1 sin = 0 and mg - T 1 cos 0 1 = 0 
Combining these we find 



rl 2 

ANS. FIG. P23.81 


(b) F = 


T.COS0, 
fc2QQ _ 2fc e Q 2 


If we assume a is small then tan0 = 


r/ 2 


Substitute expressions for F e and tan e into either equation found 

in part (a) and solveforr. — = tan0, then 2 ^’p I — U— and 

mg 




rag J 2 1 


solving for r we find r = 


4/c,Q 2 l 
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P23.82 


P23.83 


The field on the axis of the ring is calculated in Example 19.6 in the 
chapter text as 


kxQ 

(S+af 


The force experienced by a charge -q placed along the axis of the ring 
is 


F =-k e Qq 


,\ 3/2 


\x +a z _ 

and when x «a, this becomes 

r fKQi 


This expression for theforce is in theform of Hooke's law, with an 
effective spring constant of 


k = 

Since co = 2n f 

f = 


k e Qq 




we have 


(a) The total non-contact force on the cork bal I i s: 

F =qE +mg =m^g j 

which is constant and directed downward. Therefore, it behaves 
like a simple pendulum in the presence of a modified uniform 
gravitational field with a period given by: 


r= M 

=2n I 


1 L 


\l g +qE/ m 


0.500 m 

19.80 m/ s 2 + 

"(Z00x 1(T 6 c)(l.00x 10 5 N/ c)" 

l.OOx 1(T 3 kg 


= 0-307 s 
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(b) | Yes | . Without gravity i n part (a), we get: 


T = 2k a 


l-E- 

qE/ m 



=0.314 s 


(a 2.28% difference). 


Challenge Problems 

P23.84 According to the result of Example 23.7 in 

the textbook, the left-hand rod creates this 
field at a distanced from its right-hand end: 

E _ KQ 

d[2u +d) 


y 



ANS FIG. P23.84 


Theforce per unit length exerted by the left-hand rod on the right- 
hand rod is then 


dF _ KQQ dx 

2 a d[d+2a) 


Integrating, 


} 

= 4k e Q 2 

" Aa 2 


dx 

J k e Q 2 ( 

,x[x +2 a) 

2 a l 


. 2a +b ,. b 
-In-+ln- 

b b-2a 


1 . 2 a+x x 

“^T ln - 

2 a x )\ 


_ k e Q 2 

Aa 2 


(b-2a)[b +2 a) 



P23.85 First, we use unit vectors to find thetotal electric field atpoint/4 
produced by the 7 other charges. 


source charge 

vector field components 

equivalent field 

(1) lower left, 
front: 

II 


( 2 ijlj 
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P23.86 


P23.87 


(a) Zero contribution from the same face due to 
symmetry, opposite face contributes 

E=4 0#W) 

where 




+s 2 =Vl5s = 1.22s 


ANS. FIG. P23.86 


sin0 = 


s 

r' 


E 


k e qs _ 4 k e q 

r 3 (1.22) 3 s 2 



(b) At the top face, | the electric field isinthek direction. | 

(a) The el ectrostati c forces exerted on the two 
charges result in a net torque 
r = -2 Fa si n 6 = -2 Eqa si n G 

For smal I 0, sin d « 6 and using p = 2 qa, we — 

have 


t = -Epd 

The torque produces an angular 
acceleration given by 

d 2 0 

T = IOC = I — T 

dt 2 

where the moment of i nerti a of the d i pol e is / = 2ma 2 
Combi ni ng the two expressi ons for torque, we have 

Ep 


ANS. FIG. P23.87 


f> 


d 2 e 


This equation can bewritten intheform = -co 2 d which isthe 
standard equation characterizing simple harmonic motion, with 

m 2 = Ep _ E(2qg) = qE^ 

I 2 ma 2 ma 

The frequency of oscillation is f = col 2 it, so 


/ = 


2 K\ma 
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Electric Fields 


(b) If the masses are unequal, the dipole will oscillate about its center 
of mass (CM). Assume mass m 2 is greater than massm 1( and treat 
the center of the dipole as being at the origin of anx axis, so that 
mass m 1 \satx = -a and mass m 2 is at x = +a. The coord i nate of the 
CM of the dipole is then 




rel ati ve to the center of the d i pol e. N oti ce that the moment of 
inertia of the dipole about its center is 

I =m 1 a 2 +m 2 a 2 

but its center is a distancex cm from its CM. By the parallel-axis 
theorem, the moment of i nerti a of the dipole about i ts cen ter i s 
related to its moment about its CM thus: 

1 =m x a 2 +m 2 a 2 =/ CM +(m 1 +w 2 )x cm 2 
therefore, 

I CM =m 1 a 2 +m 2 a 2 - [m 1 +m 2 )x an 2 

The moment of inertia of the dipole about its CM is then 


I CM =m x a 2 +m 2 a 2 - (m x +m 2 )a 2 
, CK -m? +m 2 » -a 

[m x +m 2 )[m 1 a 2 +m 2 a 2 ^-[m 2 a 2 - 2 mjn 2 a 2 +m 2 a 2 ) 

IcB 

( m 2 a 2 +2m 1 m 2 a 2 +m 2 a 2 )- [m 2 a 2 - 2m 1 m 2 a 2 +m 2 a 2 ) 


[m 1 +m 2l 


_ Am^a 2 

CM "R^1 


Therefore, from part (a), 

2 _Ep _ E(2qa) _qE(m 1 +m 2 ) 


■'cm 

4w i OT 2 fl 2 



\ m i +m 2 )_ 



( 2 *ff 
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P23.88 


and 


qE (m 1 H 


f~h 


From A N S. FI G. P23.88(a) we have 
d cos 30.0° =15.0 cm 
15.0 cm 


or 


d=- 


cos30.0° 

From A NS. FIG. P23.88(b) we have 

d 



0 = sin 
0 =sin~ 1 l 


4 — 

I 50.1 


50.0 cm ) 

15.0 cm 


ANS. FIG. P23.88(a) 


[(50.0 cm)(cos30.0 c 


^ 50.0 cm / 

^) =20 - 3 ° 


— = tan0 or F =mg tan 20.3° 

mg q 

From ANS. FIG. P23.88(c) we have 
F =2F cos 30.0° 


F =2 


k e q 2 


(0.300 

Combining equations [1] and [2], 

k e q‘ 


cos 30.0° 


in i ^-" 8 

ANS. FIG. P23.88(b) 


[ 2 ] 



(0.300 r 


cos 30.0° =mgtan 20.3° 


ANS. FIG. P23.88(c) 


2 _ mg (0.300 mftan 20.3° 

? 2/< e cos 30.0° 

2 _(2.00xl0- 3 kg)(9.80m/s 2 )(0.300 m) 2 tan 20.3° 
1 ~ 2 ( 8 .99x 10 9 N ■ m 2 / C 2 )cos30.0° 

<7 =V4.20x 10 14 C 2 =2.05x 1(T 7 C = | 0.205 A/C | 
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P23.89 


P23.90 


kdq 


2 +(0.150 n 


-xi +0.150 mj 


Jx 2 +(0.150 m) 2 


k e A^-x i +0.150 mj)dx 

[x 2 +(0.150 m) 2 ]^ 2 

_ o.4oom (_xi +0.150 mjldx 

E = f dE=kl f -- 

all charge J=0 [x 2 +(0.150 m) 2 ] 


E =k A 


VJ 


ANS. FIG. P23.89 


+i 

0.400 m 

t (0.150 m)jx 

0.400 m' 

y\x 2 +(0.150 m) 2 

(0.150 m) 2 ^ 2 +(0.150 m) 2 

0 


E =(8.99x 10 9 N ■ m 2 / C 2 )(35.0x lCr 9 C/ m) 

x[i(2.34- 6.67) rrr 1 +j (6.24-0) rrr 1 ] 

E =(-1.36i +1.96j)x 10 3 N/ C =|(-1.36i+1.96j) kN/C 

We work under the assumption that v x has the nearly constant valuer. 
Initially, with the particle nearly at infinity, v x =v and v y =0. As the 
moving charge travels toward and 
passes the fixed charge Q , the 
velocity component v y increases 
according to 

dv 
dt 

nr dv dx 

dx dt 
dx 

Now — = v x has the nearly constant value v, therefore, we have 

dt 


*-=F v 



ANS. FIG. P23.90 


dv 


y 


mv 


E y dx 



X 

mv 


jv* 


The radially outward component of the electric field varies along the x 
axis. We assume that the di stance r between charges isdoes not 
depend significantly on y. 
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P23.91 


From the figure, we see that E = ^~, r^yld 2 +x 2 , E y = Esin Q, and 

d 


si n 6 « , . We eval uate the i ntegral from above: 

yld 2 +X 2 

f Edx = f Esir\Odx~ f / j f^Sdx 

L y L LM 2 +x 2 )4d T +? 

=k e Qd]- 


l[d 2 +x 2 ] 


=(kq4 


d 2 [d 2 +x 2 f 


=mi-(-D]=m 

d d 


So, thev is 


mv i mv v d ) mvd 


9= tan 


-i 2 k e qQ 
mv 2 d 


The angle of deflection is described by 

tan* = ^=^4g 

v x v mv d 

(a) The two charges create fields of equal magnitude, both with 
outward components along thex axis and with upward and 
downward y components that add to zero. The net field is then 

c k e qx:kqx: .k e q x : 
r r r r r r 

2(8.99x 10’)(52x lO ’l.r i‘ 


[(0.25) 2 +x 2 ] 


935x 

E =-. -T572 i whereE is in newtons per coulomb and x 

(0.0625 +x 2 f 2 

is in meters. 


(b) At x =0.36 m, 


E=...^°;j 6 L,L„ =|4.oo k N/ci| 


(0.0625+I0.36) 2 ) 3 ' 

(c) We solve 1000 =(935 x)(0.0625 +x 2 )" 3 ' 2 by tabulating values for 
the field function: 
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x (935 x)(0.0625 + x)~ 


0 

0 

0.01 

597 

0.02 

1 185 

0.1 

4 789 

0.2 

5 698 

0.36 

4 000 

0.9 

1 032 

1 

854 

oo 

0 


We see that there are two pointswhereE =1000N/ C. We home 
i n on them to determi ne thei r coordinates as (to three digits) 

| x =0.0168m andx =0.916m. | 

(d) The table in part (c) shows that 

| now here is the field so large as 16 000 N/C. | 
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lNSWERS to even-numbered problems 


P23.2 

P23.4 

P23.6 

P23.8 

P23.10 

P23.12 

P23.14 

P23.16 

P23.18 

P23.20 


P23.22 

P23.24 

P23.26 

P23.28 


P23.30 


(a) 2.62 x 10 24 ; (b) 2.38 electrons for every ltf al ready present 
1.57//N to the I eft 

(a) 9.21 x 10r 10 N; (b) No. The electric force depends only on the 
magnitudes of the two charges and the distance between them. 

-lO^N 

(a) 1.59 x 10r 9 N; (b) 1.29 x 10r 45 N, larger by 1.24 x 10 36 times; 

(c) 8.61 x Id 11 C/ kg 

(a) 46.7 N to the left; (b) 157 N to the right; (c) 111 N to the left 

(a) -=J^L=d: (b) Yes, if the third bead has a positive charge. 

Vft + V^2 
0.229 m 

(a) 0; (b) 30.0 N; (c) 21.6 N; (d) 17.3 N; (e) -13.0 N; (f) 17.3 N; (g) 17.0 N; 
(h) 24.3 N at 44.5° above the +x direction 

(a) The acceleration of the charge is equal to a negative constant times 
its displacement from equi Ii brium, as in a = -co 2 x, so we have Si mpIe 

Harmonic Motion with co 2 = ; (b) — 

md 4 2 

The unknown charge on each dust particle is about half of the smallest 
possible free charge, the charge of the electron. N o such free charge 
exists. Therefore, the forces cannot balance. 

2.07 x 10 3 N/ C; down 



1 ^ 

(a) i~r —riw; (b) A circle of charge corresponds to letting n grow 
[a +x ) 

beyond all bounds, but the result does not depend on n. Because of the 
symmetri cal arrangement of the charges, smeari ng the charge arou nd 
the circle does not change its amount or its distance from the field 
point, so it does not change the field. 

(a) (18.01- 218j)kN/ C; (b) (0.03601 - 0.436j)N 



©2014Cengage Learning. All Rights Reserved. M ay not be scanned, copied or duplicated, or posted to a publicly accessible website in wholeor in part. 




62 Electric Fields 


P23.32 

P23.34 

P23.36 

P23.38 

P23.40 

P23.42 

P23.44 

P23.46 

P23.48 

P23.50 

P23.52 

P23.54 

P23.56 

P23.58 


Thefield at the origin can be to the right, if the unknown charge is 
-9Q, or thefield can betotheleft, if and only if theunknown chargeis 
+27 Q. 

(a) 1.29x ICTj N/C; (b) -3.86x lCT 2 j N 

4 i[k e q) 

(a) 383 M N/ C; (b) 324 M N/ C; (c) 80.7 M N/ C; (d) 6.68 MN/C 

Q 

E « for a disk at large distances 

1 x 


<a) ~ k 'i 


* [f+lf 


and k Q- 

d i 


d 2 +L 2 


2 ; (b) E - 0 and 


E y ~k e ^k which isthefield of a point chargeQ at a distanced along 
the y axi s above the charge. 

^ 2 k e h si n G 0 ^ 2k e X 
d ' d 


KQi 

1 1 

h 

(d 2 +R 2 ) V2 [[d+hf+R 2 ) V2 


(b ) 2 ^[ h+ (d 2 + Rr-((d +h f + R 2 r] 

See A NS. FIG. P23.48. 


(a) SeeANS. FIG. P23.50; (b) Atthecenter; (c) 1.73^4! 

u 

(a) -5.76x lCPi m/ s 2 ; (b) v. = 2.84x ICPi m/ s; (c) 4.93 x la 8 s 


(a) Particle under constant velocity; (b) Particle under constant 
acceleration; (c) the proton moves in a parabolic path just I ike a 

projectile in a gravitational field; (d) m i v i s ' n20 ; (e) 36.9° or 53.1°; (f) 

eE 


166 ns or 221 ns 


(a) a parabola; (b) the negative plate; (c) The particle strikes the 
negative plate after moving a horizontal distance of 0.961 mm. 

(a) 2.00 x 10 r 10 C; (b) 1.41 x 10r 10 C; (c) 5.89 x lCf 11 C 
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P23.60 5.81 nC 

P23.62 49.3 N/m 

P23.64 (a) 0.115 N;(b) 1.25 cm 

P23.66 2.51 x 10T 9 


P23.68 OH- ,, 7 . ; (b) T -3S* 

7 (Acot0+B) [AcqsO +Bs\nd) 

P23.70 (a) It is possible in just oneway; (b)x =-16.0 cm; (c) +51.3^C 

P23.72 (a) 40.9 N; (b) 263° 

P23.74 See P23.74 for complete solution 



P23.78 

P23.80 

P23.82 

P23.84 


2k Q _ Q 
3n/3 a 2 6n/3 n e Q a 2 


(a) 


( , \V 2 

mgd 

K k e ^4R 2 -d\ 


;(b)^oo 


A fco? 

2n \ ma 3 

See P23.84for full solution 


P23.86 

P23.88 

P23.90 


Jc ^7 a 

(a) 2.18-y-; (b) thedirection is the k direction 

s 

0.205/jC 


0 = tan *1 


2^Q"| 

mi? 2 d y 
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Gauss's Law 


CHAPTER OUTLINE 


24.1 Electric Flux 

24.2 Gauss's Law 

24.3 Application of Gauss's Law to Various Charge Distributions 

24.4 Conductors in Electrostatic Equilibrium 


|*4fjasterisk indicates a question or problem new tothisedition.| 


lNSWERS to objective questions 


OQ24.1 (i) Answer (a). The field is cylindrically radial to thefilament, and is 

nowhere zero at any face of the gaussian surface. 

(ii) Answer (b). The flux is zero through the two faces pierced by the 
f i I ament because the fi el d i s paral I el to those su rfaces. 

OQ24.2 Answer (c). The outer wall of the conducting shell will become 
polarized to cancel out the external field. The interior field is the 
same as before. 

OQ24.3 Answer (e). Thesymmetry of a charge distribution and of its field is 
the same. Gauss's law applies to these charge distributions because 
(a) has cylindrical symmetry, (b) has translational symmetry, (c) has 
spherical symmetry, and (d) has spherical symmetry. 

OQ24.4 (i) Answer (c). Equal amounts of flux pass through each of the six 

faces of the cube. 

(ii) Answer (b). M ovethe charge to very close below the center of 
one face, so that half the flux passes through that face and half the 
fl ux passes through the other five faces. 


64 
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OQ24.5 


OQ24.6 


OQ24.7 


OQ24.8 

OQ24.9 


OQ24.10 


OQ24.11 


Answer (b). The electric flux through a closed surface equals q/e 0 , 

where q is the total charge contained within the surface: 
q/s 0 =[(3.00- 2.00- 7.00+1.00)x 1(T 9 C] 

/(8.85x 1CT 12 C 2 / N• m 2 ) 

=-5.65x 10“ 2 N • m 2 / C 

(i) Answer (e). The shell becomes polarized. 

(ii) A nswer (a). The net charge on the shel I's i nner and outer 
surfaces is zero. 

(iii) A nswer (c). The charge has been transferred to the outer surface 
of the conductor. 

(iv) A nswer (c). The charge has been transferred to the outer surface 
of the conductor. 

(v) A nswer (a). The charge has been transferred to the outer surface 
of the conductor. 

(i) Answer (c). Because the charge distributions are spherically 
symmetric, both spheres create equal fields at exterior points, 

I i ke parti cl es at the centers of the spheres. 

(ii) Answer (e).Thefield within theconductor iszero. Thefield a 

distancer from the center of the insulator is proportional to r, so 
it is 4/ 5 of its value at the surface. 

Answer (c). The electric field inside a conductor iszero. 

(a) The ranking is A >B >D >C. Let q represent the charge of the 
insulating sphere. The field at A is (4/ 5)V [47r(4 cm) 2 e 0 ]. The 
field at B is ^/[%(8cm) 2 e 0 ]. Thefield at C iszero.Thefield at 
D is ql [47r(16 cm) 2 e 0 ]. 

(b) The ranking is B =D >A >C. The flux through the4-cm sphere 
is (4/ 5) 3 g/ e 0 . The flux through the8-cm sphere and through the 
16-cm sphere is q/ g 0 because they enclose the same amount of 
charge. The fI ux through the 12-cm sphere i s 0 because the fi eld 
iszero insidethe conductor. 

(i) Answer (a). Thefield is perpendicular to the sheet, and is 
now here zero at any face of the gau ssi an su rface. 

(ii) Answer (c). The flux is nonzero through the top and bottom 
faces because the field is perpendicular to them, and zero 
through the other four faces because thefield is parallel to them. 

The ranking isC >A =B >D. The total flux is proportional to the 

enclosed charge: 3 Q >Q =Q >0. 
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ANSWERS TO CONCEPTUAL QUESTIONS 


CQ24.1 


CQ24.2 


CQ24.3 


CQ24.4 


(a) If the volume charge density is nonzero, the field cannot be 
uniform in magnitude. Consider a gaussian surface in the shape 
of a rectangular box with two faces perpendicular to the 
direction of the field. It encloses some charge, so the net fl ux out 
of the box is nonzero. The field must be stronger on one side 
than on the other. Thefield cannot be uniform in magnitude. 

(b) N ow the vol ume contai ns no charge. The net fl ux out of the box 
is zero. The flux entering is equal to the flux exiting. The field 
must be uniform in magnitude along any line in the direction of 
thefield. It can vary between points in a plane perpendicular to 
thefield lines. 



The electric flux through a closed surface is proportional to the total 
charge contained within the surface: (a) the flux is doubled because 
the charge is doubled, (b) the flux remains the same because the 
charge is the same, (c) the flux remains the same because the charge 
is the same, (d) the flux remains the same because the charge is the 
same, (e) the flux becomes zero because the charge inside the surface 
is zero. 

The net flux through any gaussian surface is zero. We can argue it 
two ways. Any surface contains zero charge, so Gauss's law says the 
total flux is zero. Thefield is uniform, so thefield lines entering one 
side of the closed surface come out the other side and the net flux is 
zero. 

Gauss's law cannot be used to find the electric field at different 
points on a surface if the field is not constant over that surface. If the 
symmetry of an electric field allows us to say that 
Jecos0(M = eJcos0c/A, where E is an unknown constant on the 
surface, then we can use Gauss's law. When electric field is a general 
unknown function E ( x , y, z), there can be no such simplification. 
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CQ24.5 

CQ24.6 

CQ24.7 

CQ24.8 

CQ24.9 

CQ24.10 

CQ24.11 


The electric flux is independent of the size and shape of the closed 
surface that contains the charge because all the field lines from the 
enclosed charge passthrough the surface. 

The surface must enclose a positive total charge. Field lines emerge 
from positive charge and disappear into negative charge. 

(a) No. If the person is uncharged, the electric field inside the 
sphere is zero. The interior wall of the shell carries no charge. 
The person is not harmed by touching this wall. 

(b) If the person carries a (small) charge q, the electric field inside 
the sphere is no longer zero. Charge -q is induced on the inner 
wall of the sphere. The person will get a (small) shock when 
touching the sphere, as all the charge on his body jumps to the 
metal. 

The sphere with large charge creates a strong field to polarize the 
other sphere. That means it pushes the excess like charge over to the 
far side, leaving charge of the opposite sign on the near side. This 
patch of opposite charge is smaller in amount but located in a 
stronger external field, so it can feel a force of attraction that is larger 
than the repelling force felt by the larger charge in the weaker field 
on the other side. 

There is zero force. The huge charged sheet creates a uniform field. 
The field can polarize the neutral sheet, creating in effect a film of 
opposite charge on the near face and a film with an equal amount of 
like charge on the far face of the neutral sheet. Since the field is 
uniform, the films of charge feel equal-magnitude forces of attraction 
and repulsion to the charged sheet. The forces add to zero. 

Inject some charge at arbitrary places within a conducting object. 
Every bit of the charge repels every other bit, so each bit runs away 
as far as it can, stopping only when it reaches the outer surface of the 
conductor. 

(a) The luminous flux on a given area is less when the sun is low in 
the sky, because the angle between the rays of the sun and the 
local area vector, dA, is greater than zero. The cosine of this 
angle is reduced. 

(b) Thedecreased flux results, on the average, in colder weather. 


©2014Cengage Learning. All Rights Reserved. M ay not be scanned, copied or duplicated, or posted to a publicly accessiblewebsite, in whole or in part. 



68 Gauss’s Law 


SOLUTIONS TO END-OF-CHAPTER PROBLEMS 


Section 24.1 Electric Flux 

P24.1 For a uniform electric field passing through a plane surface, 

<1> E = E ■ A = EA cosO, where 0 is the angle between the electric field and 
the normal to the surface. 

(a) The electric field is perpendicular to the surface, so 0=0°: 

O e =(6.20x 10 5 I\l/C)(3.20m 2 )cos0° 

O e = |l.98x 10 6 N m 2 /C| 

(b) The electric field is parallel to the surface: 6=90°, so cos 0=0, and 
thefluxis |zero.| 

P24.2 The electric flux through the bottom of the car is given by 

O e =EAcosd =(2.00x 10 4 N/ C)(3.00 m)(6.00 m)cosl0.0° 
= [^355 kN • m 2 / C | 

P24.3 For a uniform field the flux is O = E ■ A = EA cosd. 

The maximum value of the flux occurs when 0=0, or when the field is 
i n the same d i recti on as the area vector, w h i ch i s d ef i ned as havi ng the 
direction of the perpendicular to the area. Therefore, we can calculate 
the field strength at this point as 

E= ^r = ^ 

E = 5,20 ' ™ 2/C = 4.14x 10 6 N/ C =|4.14MN/C| 
tt (0.200 m ) 2 1 --— 1 

P24.4 (a) For the vertical rectangular surface, thearea (shown as A'in ANS 

FIG. P24.4) is 

A' =(10.0 cm)(30.0 cm) =300 cm 2 =0.0300 m 2 

Si nee the electric field is perpendicular to the surface and is 
directed inward, 0 =180° and 
& EA , =EA' COS0 

<t> EA . =(7.80x 10 4 N/ c)(0.0300 m 2 )cosl80° 

<& EA , = 1-2.34 kN ■ m 2 / C| 
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(b) Tofind thearea-4 of theslanted surface, wenotethatthesidefor 
which dimensions are not given has length (10.0cm) =w cos60.0°, 
so that 

A =(30.0 cm)(w) =(30.0 cm)f 1 Q '^T' 1 =600 cm 2 
^ cos60.0 / 

=0.0600 m 2 

The flux through this surface is then 

0 EiA =EA cose =(7.80x 10 4 )(a) cos 60.0° 

=(7.80x 10 4 N/ c)(0.0600 m 2 )cos60.0° 

= | +2.34 kN m 2 / C | 

(c) The bottom and the two triangular sides all I ie par all el to E, so 
O e = 0 for each of these. Thus, 

O e total =-2.34 kN ■ m 2 / C +2.34 kN ■ m 2 / C +0 +0 +0 =[5] 

P24.5 For a uniform electric field passing through a plane surface, 

O e = EA = EAcos0, where flisthe angle between the electric field and 
the normal to the surface. 

(a) The electric field is perpendicular to the surface, so 0=0°: 

O e =(3.50x 10 3 N/ c)[( 0.350 m)(0.700 m)]cosO° 

= [858 N • m 2 / C | 

(b) The electric field is parallel to the surface: 0=90°, socos0=O, and 
the flux is | zero) . 

(c) For the specified plane, 

O e =(3.50x 10 3 N/ c)[(0.350m)(0.700 m)]cos40.0° 

= [657 N ■ m 2 / C | 
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P24.6 


We are given an electric field in the 
general form 

E =ayi +bz j +cx k 

Inthexy plane, z =0 so that the 
electric field reduces to 


X = W 


5? 


7^7 


E =ayi +cx k 


ANS. FIG. P24.6 


To obtain the flux, we integrate (see A NS. FIG. P24.6forthedefinition 
of dA ): 


r =Je-l1 A = J (ayi +cxk)krfA 


0 £ =ch J xdx = ch——\ 


chw 2 

~Y~ 


Where the k term was el i mi nated si nee k k = 0. 


Section 24.2 Gauss's Law 


P24.7 


P24.8 


The electric flux through the hole is given by Gauss's Law (Equation 
24.6) as 


jm 


_f (8.99 x 10 9 N ■ m 2 /C 2 )(l0.0x 1(T 6 c) 

l (0.100 m ) 2 


xn(l.OOxlCr 3 m ) 2 


=| 28.2 N m 2 / C | 


Thegaussian surface encloses the+1.00-nC and -3.00-nC charges, but 
not the +2.00-nC charge. The el ectri c fI ux i s therefore 


3>e 


q . m _(i.ooxi(r 9 c-3.ooxi(r 9 c) 

8.85X 1(T 12 C 2 / N ■ m 2 


=| —226 N ■ m 2 7c] 
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P24.9 


P24.10 


P24.ll 


P24.12 


The total charge with in the closed surface is 


5.00/l/C - 9.00 /L/C + 27.0 pC - 84.0 juC =-61.0juC 
(a) So, from Equation 24.6, the total electric flux is 




q_ -61.0 x 10 “ 6 C 
' e o (8.85x 10 12 C 2 /N rm 2 ) 


I -6.89 M N ■ m 2 / C 


(b) 


Si nee the net el ectri c f I ux i s negati ve, more I i nes enter than I eave 
the surface. 


(a) From E = ^, 

r 


Er 2 (8.90xl0 2 N/c)(0.750m) 

: — =—/-s 5 — =5.57x 1CT 

k e (8.99xl0 9 N m 2 / C 2 ) 


ButQ is negative si nee E points inward, so 
Q = -5.57x 10 r 8 C = | -55.7 nC | 

(b) The | negative | charge has a | spherically symmetric] charge 
distribution, concentric with the spherical shell. 


The electric flux through each of the surfaces is given by O e = ^-. 
Flux through 5{. O e = + Q : 

Flux through S 2 : 

Flux through S 3 : 


<i> t 


= 


-2Q+Q-Q, 


2Q 


Flux through S 4 : O e = [~0] 

The total flux through the surface of the cube is 
170 x 1(T 6 C 


O f = — = - 


= 1.92x 10 7 N m 2 / C 


8.85xl(T 12 C 2 / N m 2 
(a) By symmetry, the flux through each face of the cube is the same. 
(o E ) =-<& =-fk a. 

' E 'oneface g 6 £ 0 
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P24.13 


P24.14 


(b) 


(^*E ) 0 neface 


If 170x10 6 C ■] 
X8.85xl(r 12 C 2 / N ■ m 2 J 


= 3.20x 10 6 N • m 2 / C 


—=[ 


170 x HT C 


8.85xlOr 12 C 2 / N rrY 


= 1.92xl0 7 N • m 2 / C 


(c) 


The answer to part (a) would change because the charge could 
now be at d i fferent d i stances from each face of the cu be. The 
answer to part (b) would beunchanged because the flux through 
the entire closed surface depends only on the total charge inside 
the surface. 


Consider as a gaussi an surface a box with horizontal area/4, lying 
between 500 and 600 m elevation. From Gauss's Law, 


i)E-dA = -L: 

7 e o 

(+120 N/ C )A +(-100 N/ C )A 
_(20.0 N/ C)(8.85x KT 12 C 2 / N ■ m : 


100 m 


= 1.77xlOr 12 C/m 3 


The charge is | positive |, to produce the net outward flux of electric 
field. 

(a) Thetotal electricfluxthrough thesurfaceof theshell is 
. q in 12.0x 1CT 6 . .. 2 . „ 


= 1.36 MN m 2 / C 


(b) Through any hemispherical urfaceof theshell, by symmetry, 

O e h£M =^(l-36x 10 6 N • m 2 / c) =6.78x 10 5 N ■ m 2 / C 
= [678 kN m 2 / C | 

(c) | No [ the same number of field lines will passthrough each 
surface, no matter how the radius changes. 
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P24.15 


P24.16 


P24.17 


P24.18 


(a) The gaussian surface encloses a charge of +3.00 nC. 



3.00x lCT 9 C 
8.85 x 1CT 12 C 2 / N ■ m 2 


= 339 N • m 2 / C 


(b) 


No. The electric field is not uniform on this surface. Gauss's law 
is only practical to use when all portions of the surface satisfy 
one or more of the conditions listed in Section 24.3. 


(a) One-half of the total flux created by the charge q goes through the 
plane. Thus, 

, _1 _1 ( q _ 

^E, plane - 2 <I>E ’ total _ 2 1 e 


(b) The square looks I ike an i nfi nite plane to a charge very close to the 
surface. Hence, 


^E, square ^E, plane 


(c) I The pi ane and the square I ook the same to the charge. 


<7 

2e o 


(a) If R<d, the sphere end oses no charge and = — 4BB& 

e o 


(b) If R >d, the length of line falling within the sphere is 2 a/r 2 ^ 2 

so o E =r 


2 ^R 2 -d 2 


(a) 


The net flux is zero through the sphere because the number of 
field lines entering the sphere equals the number of lines leaving 
the sphere. 


(b) The electric field through thecurved side of the cylinder iszero 
because the field lines are parallel to that surface and do not pass 
through it. The electric field lines pass outward through the ends 
of the cylinder, so both havea positive flux. Because the field is 
uniform, theflux \S7rR 2 E for each end. 

[The net flux is 2nR 2 E through thecylinder.| 

(c) The net flux is positive, so the charge i n the cylinder is positive. 
To be a uniform field, the field lines must originate from a plane 
of charge. [The net charge inside the cylinder is positive andl^ 
|distri buted on a plane parallel to the ends of the cylinder] 
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P24.19 


The total chargeis Q-6\q\. The total outward flux from the cube is 
——of which one-sixth goes through each face: 


K 


« 


_ Q-% 1 

6e 0 

_Q-%| _(5.00- 6.00)x 1CT 6 C ■ N ■ m 2 
6e 0 6x 8.85 x 10 -12 C 2 

=| -18.8 kN m 2 / C | 


The total chargeis Q-6|^|. The total outward flux from the cube is 
——of which one-sixth goes through each face: 


K 


Q -%1 


6e 0 


(a) With <5 very small, all points on the 
hemisphere are nearly at a di stance R 
from the charge, so the field 
everywhere on the curved surface is 

KQ 


R' 


radially outward (normal to the 

surface). Therefore, the flux is this field 
strength ti mes the area of half a 
sphere: 



ANS. FIG. P24.21 


i — jEdA —£| 0ca |A 

, 4 a 


4 KG. 


Q(2tt) = 


(b) The closed surface encloses zero charge so Gauss's law gives 

+# flat =0 Or O flat = -O nin/(d = 

2^n 


For uniform electric field lines passing through a flat surface, the 
electric flux is <t> E = EAcosQ, where 6 is the angle between the electric 
field vector and the normal to the surface. 

(a) 
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(b) The normal points to the right; the angle between the electric field 
and the normal i s 90° + 0 : 

(°e ) face 2 =EA cos(90° +0) = |-EAsinfl| 

(c) The normal points downward in the figure, the angle between the 
el ectri c fi el d and the normal i s 180° - 6 : 

KLa =EAcos(l8O°-0) =|-EAcos0| 

(d) The normal points to the I eft; the angle between the electric field 
and the normal is 90° - 0: 

) f ace 4 =EAcos[90°-9) = |EAsinfl| 

(e) The normal poi nts i n or out of the page; the angle between the 
electric field and the normal is 90°: 

(®eC^=^cos(90°)=@ 

(f) o E =£ (o E ) face =EA cose -EAs\nd-EA cos 6 +EA si n 0 +0 +0 =\0\ 

(g) ® E = — ^q- m = S 


Section 24.3 Application of Gauss's Law to 
Various Charge Distributions 

*P24.23 Thedistance between centers is 2x 5.90x 1CT 15 m. Each produces a 

field as if it were a point charge at its center, and each feels a force as if 
al I its charge were a poi nt at its center. 


r - Ml?2 


=(8.99xl0 9 N ■ m 2 /C 2 ) 


(46) 2 (l.60x 1CT 19 C) 2 
(2x5.90x1^ m) 2 


=3.50x 10 3 N = | 3,50 kN | 


P24.24 


N ote that the el ectri c f i el d i n each case i s d i rected rad i al I y i n ward, 

2k A 

toward the filament. We use E = —— and substitute numerical values. 


r 


(a) At r = 10.0 cm = 0.100 m, 

_2k e X _2(8.99x 10 9 N ■ m 2 / C 2 )(90.0x HE 6 C/ m) 
r 0.100 m 

= | 16.2 MN/C] 
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P24.25 


P24.26 


P24.27 


(b) Atr =20.0 cm = 0.200 m, 

_2fc e A _2(8.99x 10 9 N ■ m 2 / C 2 )(90.0x 10“ 6 C/ m) 
r 0.200 m 

= | 8.09 MN/C] 

(c) At r = 100 cm = 1.00 m, 

_2k e X _2(8.99x 10 9 N ■ m 2 / C 2 )(90.0x 10“ 6 C/ m) 
r 1.00 m 

= | 1;62 MN/C 


The charge per unit area of the plastic sheet must be sufficiently large 
to result i n an upward electric force on the Styrofoam that cancels the 
downward gravitational force: 


mg = qE = q\ 



= q 


Q/A ' 


Sol vi ng for the charge per unit area gives 

Q 

A q 

_2(8.85xl0r 12 C 2 / N ■ m 2 )(l0.0x HT 3 kg)(9.80 m/ s 2 ) 
|-0.700x 1(T 6 C| 

= | 2.48 /jCI m 2 | 


The charge distributed through the nucleus creates a field at the 

k a 

surface equal to that of a poi nt charge at its center: E = -%-. 

r 

_(8.99xl0 9 N m 2 / C 2 )(82x 1.60x 1(T 19 C) 

L [(208) 1/3 (l.20x 10 15 m)] 2 


£ = | 2.33xl0 21 N/ C | away from the nucleus 

Fora large uniformly charged sheet, E will be perpendicular to the 
sheet, and will have a magnitude of 



=(2^)(8.99x 10 9 N ■ rm 2 /C 2 )(9.00x 10 6 C/ m 2 ) 
so E= 5.08x10 s N/C j 
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P24.28 


P24.29 


Consider two balloons of diameter 0.200 m, each 
with mass 1.00 g, hangi ng apart with a 0.050 0 m 
separation on the ends of strings making angles 
of 10.0° with the vertical. 

(a) IF =T COS 10°- mg =0=>T =——§ 7 ^ 

J cos10° 

I F x =T sin 10°-F e =0 ^>F e =Tsinl0° 



1 mg 

ANS. FIG. P24.28 


50 F > 10,0 ° =m?tan lft0 ° 

=(0.00100 kg)(9.80 m/ s 2 )tan 10.0° 

F e = 2x HT 3 N | ~10 3 N or 1 mN | 

ka 2 

(b) The charge on each balloon can be found from F e = -^-\ 

r 


(c) £=^ 


(2xl(T 3 n)( 0.25 m) 2 

8.99x 1^ N-m 2 / C 2 
-1.2x 10r 7 C | ~10 7 C or 100 nC | 

_k e q (8.99x 10 9 N • m 2 / C 2 )(l.2x lCr 7 c) 
(025m) 2 


1.7xlO 4 N/C 
I ~10kN/C I 


(d) The electric flux created by each balloon is 

a 1. 2 x 1(T C i a i rA m o //— 

O f = -F - 2 = i^xiO 4 N m 2 / C 

e 0 8.85x 10r 2 C 2 / N • m 2 

I ~10kN m 2 / C I 


(a) Consider the spherical symmetry of the situation. A gaussian 
sphere concentric wth the shell, with radius 10.0 cm, encloses 0 
charge. Then at the surface of this sphere, i nside the charged 
shell, we have E = |~0~|. 


(b) For a gaussian sphere of radius 20.0 cm, we apply d)E ■ dA =—. 

J e o 

The field is radially outward, and 4nr 2 E = q/e 0 -. 

r _k e q _(8.99x 10 9 N ■ m 2 / C 2 )(32.0x 10r 6 c) 

(0.200 m) 2 

=7.19x 10 6 N/C 
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P24.30 


P24.31 


so E = | 7.19 M N/ C radially outward | 

(a) The charge per unit area of the wall is 

g =(8.60x 10r 6 C/ cm 2 )^ 10< ^ Cm j =8.60x 1(T 2 C/m 2 
The el ectri c fi el d at a d i stance of 2.00 cm i s then 


_ (J = 8.60x 10 2 C/ m 2 

2e 0 2(8.85xl0r 12 C 2 / N-m 2 ) 

= | 4.86x 10 9 N / C away from the wall 


(b) 


So long as thedistance from the wall issmall compared to the 
w idth and hei ght of the wal I, the d istance does not affect the fi eld. 


The approximation in this case is that the filament length is so large 
when compared to the cylinder length that the "infinite line” of charge 
can be assumed. 


(a) We have 


2k A 
E = ^~ 
r 

where the linear charge density is 

A = 2 -°° x 10 ~ 6 C = 2.86x 10 7 C/ m 
7.00 m 


so 

_ (2)(8.99x 10 9 N • m 2 / C)(2.86x 10 7 C/ m) 

0.100 m 

= |51.4kN/C radially outward | 

(b) We can find the flux by multiplying the field and the lateral 
surface area of the cyl i nder: 

<1> E = 2 nrLE = 2nrL[^^- \ = Ank e 2iL 


SO 

O e = %(8.99x 10 9 N • m 2 /C 2 )(2.86x 1 (T 7 C/ m)(0.0200m) 
= [&46x 10 2 N • m 2 /~^ 
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P24.32 (a) The area of each face is A = 1.00 m 2 . 

For the left face, the angle between the electric field and the 
normal is0°: 

(*^e ) left face = £A cos6> =(20.0 N/ C)(l.00 m 2 )cos0° 

=20.0 N ■ m 2 / C 

For the right face, the angle between the electric field and the 
normal is 180°: 

K ) vcm =EAcose ={35.0 N/ C)(l.00 m 2 )cosl80° 

=-35.0 N • m 2 / C 

For the top face, the angle between the electric field and the 
normal is 180°: 

(o E ) t0 pface =EAcosd =(25.0 N/ C)(l.00 m 2 ) cos 180° 

=-25.0 N • m 2 / C 

For the bottom face, the angle between the electric field and the 
normal isO°: 

= EAC058 =< 15 - 0 N/ c)(l.00 m 2 )cosO° 

=15.0 N • m 2 / C 

For the front face, the angle between the electric field and the 
normal isO°: 

(* e L„ =EAcose =(20.0 N/ C)(l.00 m 2 )cosO° 

=20.0 N ■ m 2 / C 

For the back face, the angle between the electric field and the 
normal isO°: 

(o E ) back face = EA ^sd =(20.0 N/ C)(l.00 m 2 )cos0° 

=20.0 N ■ m 2 / C 
The total flux is then 

O e =(20.0- 35.0- 25.0+15.0 +20.0 +20.0) N • m 2 / C 
= [l5.0N m 2 /C| 

(b) O e =^ ^ q. m =e Q O e =(8.85x 1 (T 12 C 2 / N ■ m 2 )(l5.0 N • m 2 / c) 

= | 1.33x lQr 10 c| 

(c) | No; fields on the faces would notbeuniforrm] 
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P24.33 


P24.34 


P24.35 



ANS. FIG. P24.33 


If p is positive, the field must be radially 
outward. Choose as the gaussian surface a 
cylinder of length L and radiusr, contained 
insidethecharged rod. Itsvolumeis nr 2 L 
and it encloses charge pnr 2 L. Because the 
charge distribution is long, no electric flux 
passes through the circular end caps; E-dA =EdAcos90.0° =0.The 
curved surface has E ■ dA =EdA cos0°, and E must be the same 
strength everywhere over the curved surface. 

Gauss's law, j>E-dA = —, becomes E J dA = pnr L . 


Now the lateral surface area of the cylinder is 2 nrL : 

E(2 nr)L=P?dk 


Thus, 


OT 

radially aw ay from the cylinder axis 

2e n 


(a) The el ectri c fi el d i s gi ven by 
c _ 2^ _ 2 k e [QH) 
r r 

Solving for the charge Q gives 

_Eri _(3.60x 10 4 N/ c)(0.190 m)(2.40 m) 
Q ~2k~ e 2(8.99x 10 9 N ■ m 2 / c) 


Q =49.13x 1(T 7 C = | 4913 nC | 


(b) Si nee the charge is uniformly distributed on the surface of the 
cyl i nd ri cal shel I, a gaussi an su rface i n the shape of a cy I i nder of 
4.00 cm i n rad i us end oses no charge, and E = |~0~|. 


(a) 

(b) 


At the center of the sphere, the total charge i s zero, so 


r _KQr 

a 3 


0 


At a distance of 10.0 cm =0.100 m from the center, 


_KQr _(8.99x 10 9 N ■ m 2 / c)(26.0x HT 6 c)(0.100 m) 
(0.400 m) 3 

= | 365 kN/ cT| 
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(c) At a distance of 40.0 cm =0.400 m from the center, al I of the 
charge is enclosed, so 

^ _k e Q _(8.99x 10 9 N • m 2 / c)(26.0x 1(T 6 c) 

E ~T 2 (0.400 m) 2 

= [T.46 M N/ C | 

(d) At a distance of 60.0 cm =0.600 m from the center, 

_k e Q _(8.99x 10 9 N • m 2 / c)(26.0x lCT 6 c) 

E r 2 (0.600 m) 2 

= [~649 kN/ C | 

The direction for each electric field is | radially outward | . 

P24.36 The volume of the spherical shell is 

|tt[( 0.25 m) 3 - (0.20 m) 3 ] =3.19x 10~ 2 m 3 
Its charge is 

pV =(-1.33x 10r 6 C/ m 3 )(3.19x 10r 2 m 3 ) =-4.25x 1(T 8 C 

The net charge i nside a sphere contai ni ng the proton's path as its 
equator is 

-60x 10r 9 C - 4.25 x HT 8 C = -1.02 x 1(T 7 C 
The electric field is radially inward with magnitude 

_k e \q\ _ U _(8.99x 10 9 N ■ m 2 / C 2 )(l.02x 10r 7 c) 
E r 2 g 0 4 nr 2 (0.250 m) 2 

=1.47xlO 4 N/C 


For the proton, N ewton's second law gives 


Y,F = ma: 


r 


solvi ng for the proton's speed then gives 


( eEr^ 2 _ 

"(1.60x10^ c)(l.47x 10 4 N/C )(0.250m)“ 

{ m J 

1.67xlO- 27 kg 


=| 5.94x 10 5 rrVs] 
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Section 24.4 Conductors in Electrostatic Equilibrium 

P24.37 &EdA=E(2Krl)=— E = ^' n// ^ = ———for the field outside the 
J 2n e 0 r 2jt e Q r 

metal rod. 

(a) At r = 3.00 cm, E = |~0] 

(b) At r= 10.0 cm, 

g = 30.0 x 1(T 9 C 

2tt(8.85x lCT n C 2 / N • m 2 )(0.100 m) 

= | 5 400 N/ C, outward"] 

(c) At r = 100 cm, 

g = 30.0 x 1(T 9 C 

2tt( 8.85x10^ C 2 / N • m 2 )(l.00 m) 

= | 540 N/ C, outward] 


P24.38 Let's cal cu I ate the el ectri c fi el d just outsi de the surface: 


E =k e 4 =(8.99 x 10 9 N ■ m 2 / C 2 
= 1.60 x 10 4 N =16.0 kN/C 


40.0 x 1(T 9 C 1 
(0.15 m ) 2 J 


Thisshould be the value of the electric field at the peak of the curve in 
Figure P24.38. We see, however, that the peak in the figure occurs at 
about 6.5 kN/ C. Therefore, it is not possiblethatthisfigurerepresents 
the electric field for the given situation. 

P24.39 The surface area is A =4^a 2 . The field is then 


E = 

It is not equal to o/2e 0 . At a point just outside, the uniformly 
charged surface looks just I ike a uniform flat sheet of charge. The 
d i stance to the f i el d poi nt is negl i gi bl e compared to the rad i us of 
curvature of the su rface. 

P24.40 A n approxi mate sketch is gi ven at the right. 

Note that the electric field lines should be 
perpend i cu I ar to the cond uctor both i nsi de and 
outside. 

ANS. FIG. P24.40 



KQ_ Q _ Q 

a 2 An e 0 a 2 Ae 0 e 0 
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P24.41 The fields are equal .The equation E= K ’ nductor suggested in the 

chapter for the field outsidethealuminum looks different from the 

equation E = g|nsulat01 ' for the field around glass. But its charge will 

2e o 

spread out to cover both sides of the aluminum plate, so the density is 
^conductor = ^ ■ The gl ass carries charge only on area A , with 

o insulator = ^ ■ Thetwo fields are ^ , the same in magnitude, and 
both are perpendicular to the plates, vertically upward if Q is positive. 
P24.42 (a) Let a flat box have face area A perpendicular to its thickness dx. 

Thefluxatx =0.3m is into the box is 

O e = -EA = -{6 000N/C • m 2 )(0.3 m) 2 A = -(540N/C)A 
Thefluxatx =0.3m +dx is out of the box is 

O e =+EA =-K6 000 N/ C ■ m 2 )(0.3 m +dx) 2 A 
=-K540 N/ C) A +(3 600 N/ C ■ m) dx A 
(The term in (c/x) 2 i s negligible.) The charge in the box ispA dx 
wherep isthe unknown. Applying Gauss's law, O e = ^-, we 
obtai n 

-(540 N/ C) A +(540 N/ C) A 

+(3600 N/ C ■ m) dx A =pA dx/ e 0 

Solving for p gives 

p = (3600N/C ■ m)e 0 
= (3600 N/ C ■ m)(8.85x 1(T 12 C 2 /N ■ m 2 ) 

= [31.9 nC/ m 3 | 

(b) | No; then the field would have to be zero. | 

P24.43 The charge divides equally between theidentical spheres, with charge 
0 / 2 on each. Then, they repel I ike point charges at their centers: 

r _MQ/2)(Q/2) _ fc,Q 2 

{L+R+Rf 4(L +2R) 2 

(8.99x 10 9 N • m 2 / C 2 )(60.0x 1 (T 6 c) 2 ,-, 

= -4(Z0W-® 
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P24.44 


P24.45 


(a) E = — , so 
e o 

c =(8.00x 10 4 N/c)(8.85xl0r 12 C 2 / N m 2 ) 

=7.08x 1CT 7 Cl m 2 

o = | 708 nC/ nf~| , positive on one face and negative on the other. 


(b) cr = ^, so 

Q =oA =(7.08x HT 7 C/ m 2 )(0.500 m) 2 
=1.77 x 10 7 C = | 177 nC | 


positive on onefaceand negativeon theother. 


(a) 


I nside surface: consider a cylindrical gaussian surface of arbitrary 
length t within the metal. Si nee E inside the conducting shell is 
zero, the total charge inside the gaussian surface must be zero: 


j)E-dA 


(a +A inne . )i 


so A inner = E3 ■ 

(b) Outside surface: consider a cylindrical gaussian surface of 
arbitrary length t outsidethe metal. The total charge within the 
gaussian surface is 

<7wire "^cylinder =<7wire +( dinner surfa :e "Pouter surface) 

U +2U =U +(-M +X M j) -> A ou0r =H3 

(c) Gauss's law: 


&E-dA = ^ 
E2nr£ = — 


AK€ 0 r 


■ 6 k e —, rad i al Iy outward 
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P24.46 


(a) 


We ignore "edge" effects and assume that the total charge 
distributes itself uniformly over each side of the plate, with one 
half the total charge on each side. The charge density on each of 
the surfaces (upper and lower) of the plate is: 



l(4.00x 10 8 c) 
2 (0.500 m) 2 


=8.00x 10 8 C/ m 2 


=| 80.0 nC/ m 2 ~ 


(b) J u st above the p I ate, 


<t V J 8.00x 10" 8 C/ m 2 
e 0 ) [ 8.85x10 12 C 2 /N m 2 


|k=| (9.04kN/C)k 


(c) Just below the plate, E =1 (-9.04kN/C)k 


!f 'P24.47 (a) 

(b) 


E = [0] 

E =*# _ (8.99x lCt* N m 2 / C 2 )(8.00x 1CT 6 C) =7gg>< 

r 2 ( 0.0300 m) 2 ' 


E = [ 79.9 MN/C radially outward | 

(c) E = [0] 

£ = ^Q J8.99X 10 9 N ■ m 2 / C 2 )(4.00x ICT* C ) ^ ^ 
r 2 (0.0700 m) 2 ' 


E = | 7.34 MN/C radially outwarcT 


Additional Problems 

P24.48 The electric field makes an angle of 70.0° to the normal. The square has 

sided =5.00 cm. 


O e =EA cosd =Ed 2 cose 
_ O e 6.00 N ■ m 2 / C 
^ d 2 cosO (0.150 m) 2 cos 70.0° 


1780 N/ C| 
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P24.49 The electric field makesan angleof 60.0° with to the normal. The 
square has sided =5.00 cm. 

=EA cos# =(3.50x 10 2 N/ c)(5.00x lCr 2 m) 2 cos60.0° 

= [(M38 N ■ m 2 / C | 

P24.50 (a) Thefield is zero within the metal oftheshell. The exterior electric 

field I ines end at equal ly spaced poi nts on the outer surface 
because the surface of the conductor is an equi potential surface. 
The charge on the outer surface is distributed uniformly. Its 
amount is given by 

EA = Q/ g 0 

Solving for the charge Q gives 

Q =-(890 N/ C) 4tt (0.750 m) 2 (8.85x HT 12 C 2 / N ■ m 2 ) 

=-55.7 nC 

The charge on the exterior surface is -55.7 nC distributed 
uniformly. 

(b) For the net charge of the shel I to be zero, the shel I must carry 
455.7 nC on its inner surface, induced there by -55.7 nC in the 
cavity within the shell. The charge in the cavity could have any 
distribution and giveany corresponding distribution to the 
charge on the inner surface of the shel I. [The charge on the interiorj 
[surface is 455.7 nC. It can have any distri bution.| For example, a 

large positive charge might be within the cavity close to its 
topmost point, and a slightly larger negative charge near its 
easternmost point. The inner surface of the shel I would then have 
plenty of negative charge near thetop and even more positive 
charge centered on the eastern side. 

(c) See the comments in (b). [The charge with in the shel I is-55.7nC.| 
[It can have any distribution.[ For example, the charge could be 
distributed on the surface of an insulator of arbitrary shape. 

P24.51 TheE field dueto the point charge is uniform 
and poi nts radially outward, so <J> E = EA. The 
arc length of a smal I ri ng-shaped element of 
the sphere is ds =R de, and its circumference is 
2nr = 2nRs\r\0. 



ANS. FIG. P24.51 


©2014Cengage Learning. All Rights Reserved. M ay not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 











Chapter 24 87 


The area of the ci rcu I ar cap i s 

A =[ 2nr ds =] ( 2nR si n G )r dO =2nR 2 J si n 6 dd 
o o 

A =2xR 2 (-cosef 0 =2nR 2 (l-cosd) 

Theflux isthen 




P24.52 Refer to AN S. FIG. P24.51 above. The E field dueto the point charge is 
uniform and points radially outward, so <1> E = EA . The arc length of a 
small ring-shaped element of the sphere is 
ds =Rde, and its circumference is 2nr = 2KRs\r\d. 

The area of the ci rcu I ar cap i s 

A =[ 2nr ds =l(2nRsind)Rd6 =2nR 2 ]s\nO dd 
o o 

A =27rR 2 (-cos0)|o =27rR 2 (l-cos0) 

Theflux isthen 

(2ttR 2 )(1-cos0) 


*P24.53 Pleasereview Example23.9 in yourtextbook, emphazising the Finalize 
section. There, it is shown that the electric field dueto a nonconducting 

plane sheet of charge has a constant magnitude given by r = , 

^ 2e 0 

where cr sheet is the uniform charge per unit area on the sheet. This field 
is everywhere perpendicular to thexy plane, is directed away from the 
sheet if it has a positive charge density, and is directed toward the 
sheet if it has a negative charge density. 
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I n this problem, we have two plane sheets of charge, both parallel to 
thexy plane and separated by a distance of z 0 . Theupper sheet has 
charge density a sheet = -2cr, while the lower sheet has cr sheet =-kr. 
Taking upward as the positivez-di recti on, thefieldsdueto each of the 
sheets i n the three regi ons of i nterest are: 



Lower sheet (at z = 0) 

Upper sheet (at z = z 0 ) 

Region 

Electric Field 

Electric Field 

z < 0 

m 

II 

II 

II 

q 

E.=4tM=+^ 


2 e 0 Zc 0 

2e o e o 

0 <z <z 0 

E _=+M=+jl 

E.=4tM=+^ 


2e 0 2e 0 

2e o 


r . O' 

E - l~ 2cr L g 

z >z 0 


2e o 


When both plane sheets of charge are present, the resultant electric 
field in each region is the vector sum of thefieldsdueto the individual 
sheets for that region. 

(a) For z <0, 


E z =E Z 



(b) ForO<z<z 0 , 


E z =E Zi , 0 



(c) For z >z 0 , 
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P24.54 


Choose as each gaussian surface a concentric 
sphere of radius r. The electric field will be 
perpendicular to its surface, and will be 
uniform in strength over its surface. The 
density of charge in the insulating sphere is 

p=Q/ (| jm 3 ) 

(a) The sphere of radiusr <a encloses ANS. FIG. P24.54 

charge 



Q 

U> 1 ■£* 

II 


| nR 3 





(b) Applying Gauss's law to this sphere revealsthemagnitudeof the 
field at its surface. 



j>E-dA 

E( 4 " 2 )= S 0 3 


l Or. 


4n e 


(c) Forasphereof radius r with a <r <b, the whole insulating 
sphere is enclosed, so the charge within isQ: cj m = |~Q~|. 

(d) Gauss's law for this sphere becomes: 

cfE-dA 
7 G o 

rl v 2 \ — Q v r — \ Q ■ 


4tt e n r 2 


(e) For b<r<c, \ E = 0 | because there is no electric field inside a 
conductor. 

(f) For b<r<c, weknowF =0.Assumetheinnersurfaceofthe 
hollow sphere holds chargeQ inner . By Gauss's law, 


A = *■". 


J)E ■ dA 

+Qj 


^ Qinner = FO] 
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(g) The total charge on the hoi low sphere is zero; therefore, charge on 
the outer surface is opposite to that on the i nner surface: 



(h) A surface of area A holding charge Q has surface charge o=ql A. 
The solid, insulating sphere has small surface charge because its 
total charge Q is uniformly distributed throughout its volume. 
The |i nner surface of rad i us^ has smal Ier surface area, and 
therefore larger surface charge, than the outer surface of radi us c. 

P24.55 The electric field has these values (consult the solution to P24.54(a)-(e) 
for details). Suppressing units, 


For0<r <a, 



Fora <r <b, 



Forbcrcc, E =0 (inside conductor) 
For r >c, from Gauss's law (suppressing units): 


($)E-dA =|n^£(%r 2 )=^^ 



wherer is in meters and £ in N/C. The field is radially outward. 

Thegraph appears in ANS. FIG. P24.55 below, with a =0.050 0m, 
b =0.100 m, and c =0.150 m. 


E 



ANS. FIG. P24.55 
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P24.56 



(c) To the right of the negative sheet, E + 
and E_ are again oppositely directed and 

E = ® 

(d) N ow, both sheets are positively 
charged. We find that 

(1) To the left of both sheets, 
both f i el d s are d i rected 
toward the left: 



ANS. FIG. P24.56(d) 


E = 2— to the left 

£ 0 _ 

(2) Between the sheets, the fields cancel because they are 
opposite to each other: E = |~0~|. 

(3) To the right of both sheets, both fiel ds are d i rected 
toward the right: 


E = 2—to the right 
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P24.57 We have 


P24.58 


j)E-dA =E[Anr 2 ) =^- 

(a) Solving for the charge Q on the insulating sphere, we write, for 
the region a <r <b, 

Q^ 0 E(4nr 2 ) 

=(8.85xl0r 12 C 2 / N ■ m 2 )(-3.60x 10 3 N/c)%(0.100 m) 2 
=-4.00x 1CT 9 C =| -4.00 nC | 

(b) We take Q' to be the net charge on the hoi low sphere. For r >c, 

Q+Q' ^ 0 e(4kt 2 ) 

=(8.85x HT 12 C 2 / N ■ m 2 )(2.00x 10 2 N/ c) 

x4tt( 0.500 m) 2 

=5.56x HT 9 C 
so 

Q' = 49.56x HT 9 C = | 49.56 nC | 


(c) For b<r<c,E =0;therefore, j>E-dA = q in /e 0 = 0 implies 

cj in =Q 4-Q x =0, where Q 1 is thetotal charge on the inner surface 
of the hollow sphere. Thus, Q x =-Q = | 44.00 nC~] . 


(d) Let Q 2 be the total charge on the outer surface of the hoi low 
sphere; then, 

O’ =Qi +Q 2 ^ Q 2 =Q' - Qi =9-56 nC - 4.00 nC = | -6.56 nC | 


The charge density is determined by Q = -na p . Solving gives 


_ 3Q 
Ana 3 


(a) The flux is that created by theenclosed chargewithin radiusr: 

_ </in _ 4;r r 3 p _ 4^r 3 3Q 
E e 0 3e 0 3e 0 Ana 3 



(b) 



N otethat the answers to parts (a) and (b) agree at r =a. 
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P24.59 


P24.60 


(c) AIMS. FIG. P24.58(c) plots the flux vs. r. 

O/r 



Consider the charge distribution to bean unbroken charged spherical 
shell with uniform charge density o and a circular disk with charge per 
area-cr. The total field isthatduetothewholesphere, 


Q 


4kR 2 g o 


sphere 4 kg 0 R 2 4k g,R : 


= — outward 


plusthefield of thedisk 


£ disk = -^- = ^- radially inward 

^■*=0 ^ *=o 

The total field is 


F + F =__ 

^sphere ^-^disk 

The cylindrical symmetry of the charge distribution implies that the 
field direction is radially outward perpendicular to the axis. Thefield 
strength depends onr but not on the other cylindrical coordinates e or 
z. C hoose a gaussian cyI i nder of rad i us r and I ength L ; the el ectric f iel d 

is normal to this surface. Recalling that k=— - > — = 4nk , we 

4ne 0 g 0 

have <1> E = = 4nk e q m . 

G o 


radially outward 

2e o 


(a) If r<a, we have 
<J> £ =4nk e q m 


E(2nrL)=(4Kk e )AL^>E = 


2k e —, outward 
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(b) If a <r <b, we have 


O e =4 nk e q m 

E(2nrL ) =(4^J[AL +pn[r 2 - a 2 )l^- 


—-[A +p7r(r 2 -a 2 )], outward 


(c) If r >£), we have 


O e =4 nk e q m 

E(2nrL) =(4nk e )[AL +p^(& 2 -a 2 )l] 


—[A +p7r (t> 2 — a 2 )], outward 


Challenge Problems 

P24.61 (a) Consider a cylindrical shaped gaussian 

surface perpendicular to theyz plane 
with its left end in theyz plane and its 
right end atdistancex, as shown in 
A NS. FIG. P24.61. 

Use Gauss's law: <&E-dA = ^ 

J e o 

By symmetry, the el ectri c fi el d i s zero 
in theyz plane and is perpendicular to 
dA over the wall of the gaussian 
cyl i nder. Therefore, the only 
contribution to the integral is over the 
end cap. 

i- d 

For x >-, 

2 

dq = pdV = pAdx = CAx 2 dx 



j*EdA = —jdq 
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P24.62 


Then 


E 


Cd 3 
24 e 0 


6 GT d 

E = ——i forx>-; 
24 e n 2 


6 GT r, d 

E =———i forx<-- 
24 e n 2 


(b) For 


d d 


jE-dA 



CA x r 2 , 
— x dx 
J 0 


CAx 3 

3e 0 


E =—i forx >0; 

3e 0 


E =-——i for x <0 

3e 0 


First, consider the field atdistancer <R from the center of a uniform 
sphere of positive charge (Q =-te) with radiusR. From Gauss's law, 


\E-dA 



->E = - I — r r, directed outward 

l 4 ne 0 R 3 ) 

(a) The force exerted on a point charge q =-e located at distance r 
from the center i s then 


F = qE = -e \ 

(b) From (a), 

K = 


4 n R~ 


e 2 _ k e e 2 
4 k e n R 3 ~ R 3 


4 n R 3 


H ~Kr | 
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(c) F r = m e a r 



r , SO a r = 



Thus, the motion is simple harmonic with frequency 


f 2 k 


_1 

2k 



(d) / =2.47x 10 15 Hz = 


2 ^: 


(8.99xl0 9 N m 2 / C 2 )(l.60x lCT 19 c) 2 
(9.11x 1(T 31 kg)# 3 


which yields R 3 = 1.05x 1CT 30 m 3 , or R = fl02x 10 10 m| 

P24.63 (a) The electric field throughout the region is 

directed alongx; therefore, E will be 
perpendicular to normal dA overthefour 
faces of the surface wh i ch are perpend i cu I ar 
totheyz plane, and E will be parallel to 
normal dA over the two faces which are 
parallel totheyz plane.Therefore, 

=-( E iJ A+ i E i^) A 

O e =-(3+2 a 2 )ab +[3+2(a +cf~^ab 

<1> £ =2abc(2a +c) 

Substituting the given values for a, b, and c, and noting that the 
units of electric flux are N ■ m/ C, wefind 

Q E = |~0.269 N • m 2 / C~| 


E 



ANS. FIG. P24.63 


P24.64 


(b) O f = = e n P F = [Z38xHT 12 C| 

G o 

The resultant field within the cavity isthe 
superposition of two fields, one E + dueto a 
uniform sphere of positive charge of radius 2a, 
and the other E_ dueto a sphere of negative 
charge of radius a centered within the cavity. 




ANS. FIG. P24.64 
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so 


E + 


_ pr > _ pr 
3e 0 3e 0 


-I 5 ?) 


= 4nr 2 E_ 


_pri i 


)=^. 

3e 0 


Substituting r =a +r x gives 

e _ ~p$ -a) 

3e 0 

Adding the fields gives 


E =E + +E = 


pr Pr. ! Pa _ pa . 

3e 0 3e 0 3e 0 3e 0 


- >6 o 


P24.65 


Thus, | E x = 0 | and 



at all points within the cavity. 


By symmetry, the electric field is radial and, therefore, uniform over 
thegaussian surface: 


d)E-dA 
J e o 

E(%r 2 ) =—J pdV =— j(-^\4nr 2 dr =—j4nrdr 
e o o £o 0 yrJ e o o 

E (4nr 2 )=—r 2 
G o 


E = [radially outward] (if a is positive) 

P24.66 (a) We cal I the constant A reservi ng the symbol A to denote area. 

The whole charge of the ball is 

Q=JrfQ=Jprfy=J A'r 2 4nr 2 dr = 4nA'^\ = 4kA _ r5 

ball ball r= 0 lo ^ 


To find the electric field, consider as gaussian surface a concentric 
sphere of rad i us r outsi de the bal I of charge: 


In this case, <j>E- dA = — reads 


EA cos 0° = — 
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P24.67 


Solving, £(%r 2 )= —-— 

5e 0 


and the electric field is £ = 


A'R 
5g 0 r‘ 


(b) Let the gaussian sphere lie inside the ball of charge: 


j E-dA = J dQ/c 0 

spherical surface ^herical volume 


N ow the i ntegrals become 

r t odV C r A'r 2 [4nr 2 )dr 

E(cosO)<j)<M=J^- or EA = J q - y —— 

Performi ng the i ntegration, 

A'4n \( r°|f = A'4nr 5 

g q Jv 5 J | 0 5e 0 


E(4nr 2 ) = 


and the field is E = 



In this case the charge density is not uniform, and Gauss'slaw is 
written as (j)E-dA - — jpdV. We use a gaussian surfacewhich isa 

cyl i nder of radius r, length ^,and iscoaxial with the charge 
distri bution. 


(a) Whenr <R, this becomes E(2nrt) =^ j(a-^-jdV. Theelement 

of volume is a cylindrical shell of radius r, length t, and thickness 
dr so that dV = 2 nrtdr. 



so inside the cylinder, 



(b) 


Whenr >R, Gauss's law becomes E[2nrl) =—\{a-^-\[2n:ridr) 

e o ov o) 


or outside the cylinder, E = 



2e 0 r{ 3b) 
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P24.68 The total flux through a surface enclosing the 

chargeQ is—. The flux through the disk is 

®di* = |E -dA 

where the i ntegration covers the area of the d i sk. 

We must evaluate this integral and set it equal 

to to find how b and R are related. I n the 

4^ 0 

figure, take dA to be the area of an annular ring of radius s and width 
ds. The flux through dA is E ■ dA =EdA cosd =e(2jz sds)cosd . 



ANS. FIG. P24.68 


The magnitude of the electric field has the same value at all points 
within the annular ring, 


1 Q. 


Q 


and cos0 - t 


%e 0 r 2 4ne 0 s 2 +b 2 r (s 2 +b 2 ) y2 

I ntegrati ng from s =0tos =R to get the flux through the entire disk, 

sds 




Qb } 


2 e o o (s 2 +6 2 )^ 2 2 e 0 L 


= _Q_ 

2^o 


1- 


b 

(R 2 +b 2 ) V2 


0 b 1 

The flux through the disk equals provided that ^ 2 + ^ 2 


2' 


This is satisfied if I R = j3b 


P24.69 (a) The slab has left-to-right symmetry, so its field must be equal in 

strength atx and at-x. The field points everywhere away from 
the central plane. Take as gaussian surface a rectangular box of 
thickness 2x and height and width L, centered on thex =0 plane. 
The gaussian surface, shown shaded in the second panel of ANS. 
FIG. P24.69, lies insidethe slab. The charge the surface contains is 
pV = p(2xL 2 ). The total flux leaving it is EL 2 through the right face, 
EL 2 through the I eft face, and zero through each of the other four 
sides. 
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Thus Gauss's law, 
<j)E- dA = 
becomes 


2EL 2 =P*L 

sothefidd is E = 

(b) The electron experiences a force 

opposite to E. When displaced tox >0, 
it experi ences a restori ng force to the 
left. For the electron, N ewton's second 
law gives 

IF = m„a: 

qE = m e a or e ^ xl = m e a 
Sol vi ng for the accel erati on, 



ANS. FIG. P24.69 


a 


-( e P jxi or a=-« 2 xi 

e oJ 


That is, its accel erati on is proportional to its displacement and 
oppositely directed, as is required for simple harmonic motion. 


Solving for the frequency, 


and 


co _ 


1 

2 n 
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JMSWERS TO EVEN-NUMBERED PROBLEMS 


P24.2 355 kN ■ m 2 / C 

P24.4 (a) -2.34 kN • m 2 / C; (b) +2.34 kN • m 2 / C; (c) 0 

P24.6 chw 2 / 2 

P24.8 -226 N • m 2 / C 

P24.10 (a) -55.7 nC; (b) negative, spherically symmetric 

P24.12 (a) 3.20x Id 5 N • m 2 / C; (b) 1.92 x 10 7 N ■ m 2 / C; (c) The answer to 

part (a) would change because the charge could now beat different 
distances from each face of the cube. The answer to part (b) would be 
unchanged because the flux through the entire closed surface depends 
only on thetotal charge inside the surface. 

P24.14 (a) 1.36 M N • m 2 / C; (b) 678 kN • m 2 / C; (c) no 

P24.16 (a) ; (b) ; (c) The pi ane and the square I ook the same to the 

charge. 

P24.18 (a) The net flux is zero through the sphere because the number of field 

I i nes enteri ng the sphere equal s the nu mber of I i nes Ieavi ng the sphere; 
(b) The net fI ux is 2 7tR 2 E through the cyl i nder; (c) The net charge i nside 
the cylinder is positive and is distributed on a plane parallel to the 
ends of the cylinder. 

P24.20 QzM. 

6e 0 

P24.22 (a) EA cosd; (b) -EA sin#; (c) -EA cosd; (d) EA sin0; (e) 0; (f) 0; (g) 0 

P24.24 (a) 16.2 MN/C; (b) 8.09 M N/ C; (c) 1.62 MN/C 

P24.26 2.33 x 10 21 N / C 

P24.28 (a) ~10r 3 N or 1 mN; (b) ~10r 7 C or 100 nC; (c) ~10 kN / C; 

(d) ~10 kN ■ m 2 / C 

P24.30 (a) 4.86 x lCf N/ C away from the wall; (b) So long as the distance from 

thewall issmall compared to the width and height of the wall, the 
d i stance does not affect the f i el d. 

P24.32 (a) 15.0 N m 2 / C ; (b) 1.33 x 10r 10 C; (c) No; fields on the faces would 

not be uniform. 

P24.34 (a) -+913 nC; (b) 0 
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P24.36 5.94 x 10 5 nrV s 

P24.38 The electric field just outside the surface occurs at 16.0 kN/ C. The peak 
in the figure occurs at about 6.5 kN / C. Therefore, it is not possible that 
thi s fi gure represents the el ectri c fi eld for the gi ven situation. 

P24.40 See A NS. FIG. P24.40. 

P24.42 (a) 31.9 nC/ m 3 ; (b) No; then the field would have to be zero. 

P24.44 (a) 708 nC/ m 2 ; (b) 177 nC 

P24.46 (a) 80.0nC/ m 2 ; (b) (9.04 kN/ C)k; (c) (-9.04 kN/ C)k 

P24.48 780 N/C 

P24.50 (a) The charge on the exterior surface is-55.7 nC distributed 

uniformly; (b) The charge on the interior surface is +55.7 nC. It can 
have any distribution; (c) The charge within the shell is-55.7nC. It can 
have any distribution. 

P24.52 -^-(1-COS0) 

2e o 

P24.54 (a) q(TT; (b) k,%\ (c) Q; (d) k,^-, (e)E =0; (f) -Q; (g) -H?; (h) inner 

yR) a r 

surface of radius b 

P24.56 (a) 0; (b) — to the right; (c) 0; (d) (1) 2— to the left; (2) 0; (3) 2— to 

G o G o G o 

the right 

P24.58 (a) ; (b) (c) SeeANS. FIG. P24.58(c). 

s 0 a g 0 

P24.60 (a) 2k e — , outward; (b) — [A +pn[r 2 - a 2 )], outward; 

(c) A +pn(b 2 - « 2 )], outward 

P24.62 (a) -Kr; (b) ; (c) — /AfL ; (d) 1.02 x la 10 m 

R 3 2k y m e R 3 

P24.64 £ = 0 and E v 

y 3e 0 

P24.66 (a) AR 5 /5e 0 r 2 ; (b) AR 5 /5e 0 

P24.68 R = J3b 
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Electric Potential 


CHAPTER OUTLINE 


25.1 Electric Potential and Potential Difference 

25.2 Potential Difference in a Uniform Electric Field 

25.3 Electric Potential and Potential Energy Due to Point Charges 

25.4 Obtaining the Value of the Electric Field 
from the Electric Potential 

25.5 Electric Potential Due to Continuous Charge Distributions 

25.6 Electric Potential Due to a Charged Conductor 

25.7 The Millikan Oil-Drop Experiment 

25.8 Applications of Electrostatics 

|* An asterisk indicates a question or problem new to this edition.) 


lNSWERS to objective questions 


OQ25.1 

OQ25.2 

OQ25.3 


Answer (b). Taken without reference to any other point, the potential 
could have any value. 


Answer (d). The potential is decreasing toward the bottom of the 
page, so the electric field is downward. 

(i) Answer (c). The two spheres come to the same potential, so Q/R 
is the same for both. If charge q moves from A to B, we find the 
charge on B: 


Pa = Os 

r a r b 


450 nC -q 
1.00 cm 


900 nC „ 

> q= -= 300 nC 


Sphere A has charge 450 nC - 300 nC = 150 nC. 


(ii) Answer (a). Contact between conductors allows all charge to 
flow to the exterior surface of sphere B. 

103 
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104 Electric Potential 


OQ25.4 


OQ25.5 


OQ25.6 


OQ25.7 


OQ25.8 


OQ25.9 


Answer (d). 


E x 


AV 

Ax 


(1.90 xlO 2 V-1.20xl0 2 V) 
(5.00 m-3.00 m) 


= -35.0 N/C 


Ranking a > b = d > c. The potential energy of a system of two 
charges is U = kj^c^/r. The potential energies are: (a) U = 2k e Q 2 /r, 
(b) U = k e Q 2 /r, (c) U = -k e Q 2 /lr, (d) U = k e Q 2 /r. 


(i) Answer (a). The particle feels an electric force in the negative X 
direction. An outside agent pushes it uphill against this force, 
increasing the potential energy. 

(ii) Answer (c). The potential decreases in the direction of the 
electric field. 


Ranking D > C > B > A. Let L be length of a side of the square. The 
potentials are: 


v 

L V2L v ’ L 

2^ + ^ = f 2 1 W 


V2L 


V2j L 


v _ KQ 2k e Q _ 0 r^k e Q 

v kfi + 2kfi =6 kfl 

D L/2 L/2 L 


Answer (a). The change in kinetic energy is the negative of the 
change in electric potential energy: 

A/C =-qAV =-[-e)V =e(l.00xl0 4 v)=1.00xl0 4 eV 


Ranking c > a > d > b. We add the electric potential energies of all 
possible pairs. They are: 


(a) 

(b) 

(c) 

(d) 


3 kg_ 

d 


k e Q 2 

d 


k e Q 2 

d 




k e Q 2 


k& k& k&_k& 

d \/2d d J2d 
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OQ25.10 

OQ25.11 

OQ25.12 


OQ25.13 

OQ25.14 


OQ25.15 


Answer (b). All charges are the same distance from the center. The 
potentials from the +1.50-jtiC, -1.00-jliC, and -0.500-jtiC charges cancel. 

Answer (b). The work done on the proton equals the negative of the 
change in electric potential energy: 

W =-qAV -> qAV =-1/1/ =-qEscos0 
=- e(8.50 x 10 2 N/C)(2.50 m)(l) =-3.40 x 10' 16 J 

(i) Answer (b). At points off the X axis the electric field has a 
nonzero y component. At points on the negative X axis the field 
is to the right and positive. At points to the right of X = 0.500 m 
the field is to the left and nonzero. The field is zero at one point 
between x = 0.250 m and x = 0.500 m. 

(ii) Answer (c). The electric potential is negative at this and at all 
points because both charges are negative. 

(iii) Answer (d). The potential cannot be zero at a finite distance 
because both charges are negative. 

Answer (b). The same charges at the same distance away create the 
same contribution to the total potential. 

The ranking ise>d>a = c>b. The change in kinetic energy is the 
negative of the change in electric potential energy, so we work out 
-qAV =-c^V f -Vi) in each case. 

(a) -(-e)(60 V - 40 V) = +20 eV (b) -(-e)(20 V - 40 V) = -20 eV 

(c) -(e)(20 V - 40 V) = +20 eV (d) -(e)(10 V - 40 V) = +30 eV 

(e) -(-2e)(60 V - 40 V) = +40 eV 

Answer (b). The change in kinetic energy is the negative of the 
change in electric potential energy: 

A K =-qAV -^K B -K A =q(V A - V B ) 


\">v\ =imv; +(2e)(l/, -V B ) 

Solving for the speed gives 


"•-fi 


.2 i Mv a -v £ } 


(6.20xl0 5 m/s) 2 
3.78 xlO 5 m/s 


i 4(l.60 x 10“ 19 c)(l.50 x 10 3 V-4.00x 10 3 V) 
' 6.63xl0“ 27 kg 
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lNSWERS to conceptual questions 


CQ25.1 


CQ25.2 

CQ25.3 


CQ25.4 


CQ25.5 


CQ25.6 


The main factor is the radius of the dome. One often overlooked 
aspect is also the humidity of the air—drier air has a larger dielectric 
breakdown strength, resulting in a higher attainable -electric 
potential. If other grounded objects are nearby, the maximum 
potential might be reduced. 

(a) The proton accelerates in the direction of the electric field, (b) its 
kinetic energy increases as (c) the electric potential energy of the 
system decreases. 

To move like charges together from an infinite separation, at which 
the potential energy of the system of two charges is zero, requires 
work to be done on the system by an outside agent. Hence energy is 
stored, and potential energy is positive. As charges with opposite 
signs move together from an infinite separation, energy is released, 
and the potential energy of the set of charges becomes negative. 

(a) The grounding wire can be touched equally well to any point on 
the sphere. Electrons will drain away into the ground. 

(b) The sphere will be left positively charged. The ground, wire, 
and sphere are all conducting. They together form an 
equipotential volume at zero volts during the contact. However 
close the grounding wire is to the negative charge, electrons 
have no difficulty in moving within the metal through the 
grounding wire to ground. The ground can act as an infinite 
source or sink of electrons. In this case, it is an electron sink. 

When one object B with electric charge is immersed in the electric 
field of another charge or charges A , the system possesses electric 
potential energy. The energy can be measured by seeing how much 
work the field does on the charge B as it moves to a reference 
location. We choose not to visualize A's effect on B as an action-at-a- 
distance, but as the result of a two-step process: Charge A creates 
electric potential throughout the surrounding space. Then the 
potential acts on B to inject the system with energy. 

(a) The electric field is cylindrically radial. The equipotential 
surfaces are nesting coaxial cylinders around an infinite line of 
charge. 

(b) The electric field is spherically radial. The equipotential surfaces 
are nesting concentric spheres around a uniformly charged 
sphere. 
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Section 25.1 Electric Potential and Potential Difference 
Section 25.2 Potential Difference in a Uniform Electric Field 


(a) From Equation 25.6, 

c _ |Ay| _ 600 J/C 


= 1.13x10 s N/C 


(b) The force on an electron is given by 

F =\c\E =(l.60xl0“ 19 C)(l.l3xl0 5 N/c) = |l.80xl0~ 14 N| 

(c) Because the electron is repelled by the negative plate, the force 
used to move the electron must be applied in the direction of the 
electron's displacement. The work done to move the electron is 

I/1/ = F-Scos6 = (l.80xl0“ 14 N)[(5.33-2.00)x 10~ 3 m]cos0° 


(a) We follow the path from (0,0) to (20.0 cm, 0) to (20.0 cm, 50.0 cm). 
A U = - (work done) 

A U = - [work from origin to (20.0 cm, 0)] 

- [work from (20.0 cm, 0) to (20.0 cm, 50.0 cm)] 

Note that the last term is equal to 0 because the force is 
perpendicular to the displacement. 

A U =- (qE x )Ax =-(l2.0 x 10 -6 C)(250 V/m)(0.200 m) 


=| -6.00 x IQ" 4 J | 

J 6.00 x IQ" 4 J 
! ~ 12.0 x 10“ 6 C " 


-50.0 J/C = | -50.0 V | 


(a) Energy of the proton-field system is conserved as the proton 
moves from high to low potential, which can be defined for this 
problem as moving from 120 V down to 0 V. 

K, +U, =K f +U f : 0 +qV =^mv 2 p +0 

(1.60x10-” c)(l20 V)(ptL) =1(1.67x10-” kg)^ 

v=\ 1.52X10 5 m/s I 
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(b) The electron will gain speed in moving the other way, 
from V, = 0toV f = 120 V: K, + U, = K f +U f 

0 +0 =^mVg +qV 

0 =|(9.11 xl0“ 31 kg)v 2 e +(-1.60 xl(T 19 c)(l20 J/C) 
v e = | 6.49 xlO 6 m/s | 

P25.4 The potential difference is 

A V = V f -Vi = -5.00 V-9.00 V = -14.0 V 
and the total charge to be moved is 

0 =-/V A e=-(6.02xl0 23 )(l.60xl0“ 19 c)=-9.63xl0 4 C 

W 

Now, from AV = —, we obtain 

0 

1/1/ = QAV = (-9.63 x 10 4 CX-14.0 J/C) = |l.35Mj| 

P25.5 The electric field is uniform. By Equation 25.3, 

B C B 

V B -V A =-jEds = -jEds-jEds 

A AC 

0.500 0.400 

V B -V A = (-Ecosl80°) J dy-(Ec os90.0°) J dx 

-0.300 -0.200 

V B -V A = (325 V/m) (0.800 m) = | +260 fjf " 

P25.6 Assume the opposite. Then at some point A on some equipotential 

surface the electric field has a nonzero component E p in the plane of the 
surface. Let a test charge start from point A and move some distance 
on the surface in the direction of the field component. Then 

B 

A\/ = - j*E ■ c£ is nonzero. The electric potential charges across the 

surface and it is not an equipotential surface. The contradiction shows 
that our assumption is false, that E p = 0, and that the field is 
perpendicular to the equipotential surface. 
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P25.7 


We use the energy version of the isolated system model to equate the 
energy of the electron-field system when the electron is at X = 0 to the 
energy when the electron is at X = 2.00 cm. The unknown will be the 
difference in potential V f -V ,. Thus, K t + U , = K f + U f becomes 


or 


so 


^-my 2 +q\/ ; =^mv 2 f +qV f 
±m(v;-v-)=q(v,-V,), 


V f -V i =AV 



(a) Noting that the electron's charge is negative, and evaluating the 
potential difference, we have 

a| / _(9.11x 10“ 31 kg)[(3.70x 10 6 m/s) 2 -(1.40xl0 5 m/s) 2 ] 

~ 2(-1.60x 10“ 19 C) 

=1-38.9 V | 


(b) The negative sign means that the 2.00-cm location is lower in 
potential than the origin: 

| The origin is at the higher potential. | 


P25.8 (a) The electron-electric field is an isolated system: 

K i MJ i =K f MJ f 
^m e vf +{-e)V i =0+(-e)V f 
e(v f -V,)=-^m e vf 
The potential difference is then 

_ m e v f _ (9.11 xIO - 31 kg)(2.85xl0 7 m/s) 2 
e 2e 2(l.60xl0" 19 C) 

=-2.31 xlO 3 V = 1-2.31 kV | 

(b) From (a), we see that the stopping potential is proportional to the 
kinetic energy of the particle. 

Because a proton is more massive than an electron, a proton 
traveling at the same speed as an electron has more initial kinetic 
energy and requires a greater magnitude stopping potential. 
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P25.9 


(c) The proton-electric field is an isolated system: 
=K f MJ f 

jm p vf +eV-, =0 +eV f 

4 V ,- V ,)=l m r v f 

The potential difference is 


Therefore, from (a), 
AV P = m p vf /2e 
AV e -m e vf /2e 


|AU p /AU e = -m p /m e | 


Arbitrarily take V = 0 at point P . Then the potential at the original 
position of the charge is (by Equation 25.3) 

AV = l/-0=l/ = -E'S = -EL cost) (relative to P) 


At the final point a, 

V =-EL (relative to P) 

Because the table is frictionless and the particle-field system is isolated, 
we have 

[K +U). ={K+U) f 


0-qEL cosd = —mv 2 - qEL 


P25.10 


solving for the speed gives 


-I 


2qEL (l — cost?) 

m 


_ 2(2.00xl0- 6 C)(300 N/C)(l.50 m)(l-cos60.0°) 

y o.oio o kg 


= | 0.300 m/s 


(a) The system consisting of the mass-spring-electric field is 
[isolated. | 

(b) The system has both Electric potential energy and elastic potential) 
Energy) : U p and U sp . 
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(c) Taking the electric potential to be zero at the initial configuration, 
after the block has stretched the spring a distance x, the final 
electric potential is (from equation 25.3) 

AV = V = -Es = -Ex 

By energy conservation within the system, 

(k«J v mj.) i =[k+u v +uX 


0 +0 +0 =0 H— kx 1 +QV 
2 

0 =^kx 2 +Q[-Ex) 


2 QE 


(d) [Particle in equilibrium| 

(e) ^ F =0 —> — kx 0 +QE =0 —> x 0 = | —— | 

(f) The particle is no longer in equilibrium; therefore, the force 
equation becomes 


=ma 


rj 2 x 

-kx+QE=m-jp 
.( QE\ d 2 x 

l k J dt 2 


Defining x' = X-X 0/ we have 


cFx' _cF(x-x 0 ) _dx 


dt 2 dtr 

Substitute x' = X-X 0 into the force equation: 


dt 2 


-k[x- 


QE\ d 2 x 
k )~ m dt 2 


d 2 x' 


d 2 x' 

dt 2 


(g) The result of part (f) is the equation for simple harmonic motion 
a,, = -ft) 2 / with 


nr 2 k 

~T 




(h) 


The period does not depend on the electric field. The electric field 
just shifts the equilibrium point for the spring, just like a gravita¬ 
tional field does for an object hanging from a vertical spring. 
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P25.ll Arbitrarily take V = 0 at the initial point. Then at distance d downfield, 
where L is the rod length, V =-Ed and U e = -XLEd. 

(a) The rod-field system is isolated: 

Kj+U i = K f +U f 
0+0 = \m Iod v 2 -qV 
0 = ^Lv 2 -?iLEd 
^/nLv 2 = XLEd 
Solving for the speed gives 

[2jEd _ 1 2(40.0 xlO' 6 C/m)(100 N/C)(2.00 m) 

V ~]J n (0.100 kg/m) 

= | 0.400 m/s | 

(b) | The sameT| Each bit of the rod feels a force of the same size as 
before. 


Section 25.3 Electric Potential and Potential Energy 
Due to Point Charges 

P25.12 (a) At a distance of 0.250 cm from an electron, the electric potential is 


\/ =k g 9. =( 8 . 99 x 10 9 N • m 2 /C 2 )| 


r 19 c 
r 2 m J 


4-5.76 x!0~ ? V| 

(b) The difference in potential between the two points is given by 


Substituting numerical values, 

|AV| =|(8.99xlO 9 N• m 2 /C 2 )(—1.60x 10 -19 c) 


0.250 xl0“ 2 m 0.750 xl0“ 2 m 


|AV| = |3.84x IQ" 7 V] 
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P25.13 


P25.14 


(c) 


Because the charge of the proton has the same magnitude 
as that of the electron, only the sign of the answer to part 
(a) would change. 


The total electric potential is the sum of the potentials from the 
individual charges. 


v=*ii4=^a+a 


(a) 


The 4.50-jLiC and -2.24-jtiC charges are distances 1.25 cm and 1.80 
cm, respectively, from the origin. The electric potential is then 


V =(8.99 x 10 9 N • m 2 /C 2 )\ 450 xlQ ^ C 
v 1.25 x 10 -2 m 


| -2.24 x!0~ 6 C ~ 
'l.80x l0“ 2 nil 


V = | 2 . 12 xl 0 6 v| 


(b) The distance of the 4.50-jtiC charge to the point is 
r x =^(0.0150 m) 2 +(0.0125 m) 2 =0.0195 m, 
and the distance of the -2.24-jtiC charge to the point is 
r 2 =7(0.0150 m) 2 +(0.0180 m) 2 =0.0234 m 
The potential is 


V =(8.99 x 10 9 N ■ m 2 /C 2 | 450x ^° 6 C 

V = |l.21 x 10 6 vl 


| -2.24 x IQ" 6 C 
r 2 


The potential due to the two charges is given by V = k e ^—. 


(a) The electric potential at point A is 

V =(8.99 xlO 9 N-m 2 /C 2 ) 

^/ -15.0xl0~ 9 C | 27.0 x 10~ 9 C ^j 

2.00 x 10“ 2 m 2.00 xl0“ 2 m J 

= |5.39 kV| 
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P25.15 


(b) The electric potential at point B is 

V =K^ =(8.99xlO 9 N-m 2 /C 2 ) 

f -15.0 xlO' 9 C ( 27.0x10^ C \ 
X { 1.00 x 1CT 2 m 1.00 x 10^ m J 

= |10.8 kV| 


By symmetry, a line from the center to each vertex 
forms a 30° angle with each side of the triangle. 
The figure shows the relationship between the 
length d of a side of the equilateral triangle and the 
distance r from a vertex to the center: 

rcos30.0° =d/2 
-> r =d/(2cos30.0°) 

The electric potential at the center is 



d!2 d!2 


ANS. FIG. P25.15 


v=KL | 

-J 0 I 0 I 20 

\d/{2 cos 30.0°) d/[ 2cos30.0°) cf/(2 cos 30.0°) 

V =(4)f2cos30.0°A: e ^l = 


6.93 k e ^ 


*P25.16 (a) From Equation 25.12, the electric potential due to the two charges is 


\/ =k e Z < ^ =(8.99xlO 9 N-m 2 /C 2 ) 


x 


5.00xlO' 9 C | -3.00x 10~ 9 

0.175 m 0.175 m 


= | 103 V| 


(b) The potential energy of the pair of charges is 

U =(s.99xlO 9 N-m 2 /C 2 ) 

^12 

(5.00 xlO' 9 c)(-3.00xl0' 9 C) 
0.350 m 

= |-3.85xlO' 7 j] 


The negative sign means that | positive work must be done] to 

separate the charges by an infinite distance (that is, to bring them 
to a state of zero potential energy). 
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*P25.17 (a) In an empty universe, the 20.0-nC charge can be placed at its 

location with no energy investment. At a distance of 4.00 cm, it 
creates a potential 

v = M _ ( 8 -"xl0’ N mVC 2 )(20.0xl0-’C) =4 ^ ky 
1 r 0.040 0 m 

To place the 10.0-nC charge there we must put in energy 
U 12 =q 2 V 1 =(l0.0xl0" 9 c)(4.50xl0 3 V)=4.50xl0~ 5 J 
Next, to bring up the -20.0-nC charge requires energy 
U 23 +U 13 =qy 2 +q 3 V 1 =q 3 [V 2 +V 3 ) 

=(-20.0 x 10~ 9 C)(8.99 x 10 9 N-m 2 /C 2 ) 

J 10.0 xl0~ 9 C [ 20.0 xl0~ 9 C ^| 
0.040 0 m + 0.080 0 m J 
=-4.50 xlO -5 J - 4.50 x 10 -5 J 
The total energy of the three charges is 
U 12 +U 23 +U 13 = | -4.50 x 10^7] 

(b) The three fixed charges create this potential at the location where 
the fourth is released: 

V =V, +V 2 +V 3 

=(8.99 xlO 9 N ■ m 2 /C 2 ) 

J _ 20.0 x 10~ 9 C _ 

W(0.040 0 m) 2 +(0.030 0 m) 2 

_ 20.0 x IQ 9 C ^ 

0.030 0 m V(0.040 0 m) 2 +(0.030 0 m) 2 J 

V =3.00xlO 3 V 


Energy of the system of four charged objects is conserved as the 
fourth charge flies away: 

(| mv 2 +q\/) =[^mv 2 +qV 


0+(40.0xlO -9 C)(3.00xlO 3 v) =^-(2.00xl0~ 13 kg)\/ 2 +0 


_ l2(l.20xl0“ 4 j) 
\ 2 x 10“ 13 kg 


3.46xlO 4 m/s 
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P25.18 


P25.19 


P25.20 


(a) |)=^< 1+ ^) 

^ =(8.99 x 10’ N-mVC 2 )( |.oox 10^ m jt 1 + ^ =11113 

(b) V B =k e I.i =^^+^=^(±1 
V B =(8.99x10’ N-m7C 2 )( 


'5.00x10-' 

Jc Y 

2.00 xlO’ 2 

mjt 


^+ 2 j= [a 08 kVl 
(0 ^ =^ + 2 )-^( 1 + 7 2 )= ^^ +1 .^ 


V B -V A =(8.99xio 9 N m 2 /c 2 )| 


2.00x10 


(a) Since the charges are equal and placed 
symmetrically, | F = 0 | . 

(b) Since F = qE = 0, | E= 0 | . 

(c) \/ =2k- 

r 

=2(8.99 xlO 9 N m 2 /C 2 )| 

\/ = 4.50 x 10 4 V = I 45.0 kV 






2 ^_i 


2.00 ,uC 
-©-* 


ANS. FIG. P25.19 


2.00 x 10~ 6 C 
0.800 m 


kO 

At a distance r from a charged particle, the voltage is V = -y- and the 
field magnitude is E- . 


, . \V\ 3.00 x 10 3 V r—- 1 

(a) r = 1—1 =- - -= 6.00 m 

\E\ 5.00xlO 2 V/m I-1 


(b) V =-3 000 V = 


4 k e 0 (6.00 m) 


Then, 


0 =(6.00 m)(-3 000 v)(4tt e 0 ) =|-2.00 jjC\ 
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P25.21 


P25.22 


P25.23 


(a) Each charge is a distance -Jg- jl =a/sjl from the center. 

i 


v=k e ii= 


q 

[a/j2 


4,/2lk,° 

a 


(b) The potential at infinity is zero. The work done by an external 
agent is 


I/I/ =q\V =q[v f - V,.) =c^4V2/c e ^ - 0 j = 

;es at the base vertk 
it A, and the charge 

J ( 2 d r'gJ=f d 


472^32 


The charges at the base vertices are d/2 = 0.010 0 m 
from point A, and the charge at the top vertex is 


/ © 


from point A. 

v=ikA 


t 

3.87 

cm 


d/2 d/2 djl5, 


\/ =(8.99 xlO 9 N ■ m 2 / C 2 




U-2.00cm-^l 

ANS. FIG. P25.22 


\f 7.00xlO" 6 C 
'{ 0.020 0 m 


2 

V15 


(a) E > 


= |-1.10xl0 7 V| 




x 2 (x- 2.00) : 

Dividing by k ¥ 2qx 2 =q[x- 2.00 ) 2 

or x 2 + 4.00x - 4.00 = 0. 

rpi f c n u -4.00 ±Vl6.0 +16.0 
Therefore E = 0 when x = - 


x 2 (x- 2.00) 2 


= - | -4.83 m] . 


(Note that the positive root does not correspond to a physically 
valid situation.) 

(b) Assuming 0 < X < 2.00 m, the potential is zero when 

V= M + JWL = o or V JM + (- 2( ?) ] = o 

x 2.00-x k e l x 2.00-xj 
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P25.24 


giving C/(2.00-x) =2qx or X = | 0.667 n 

For X > 2.00 m, the potential is zero when 

or 4x- 2.00) =2^ 

k e [ x X-2.00J 


This has no positive X solution. Physically, the total potential 
cannot be zero for any point where X > 2.00 m because that point 
is closer to charge -2 q, so its potential is always more negative 
than the potential from charge q is positive. For X < 0, the 

potential is zero when — =| ^ + , ^ ^ 1 =0 giving 

F k e LH |2.00+*|J 5 5 


Q 

|x| 2.00+ |x| 


or g(2.00+|x|) = 2q|x| 


which has the solution | x | = 2.00 correspond to X = |-2.00~m~1 


The work required equals the sum of the 

potential energies for all pairs of charges. No (2)-(3) 

energy is involved in placing q 4 at a given position 
in empty space. When q 3 is brought from far away 

and placed close to q v the system potential energy 0— 2 -(4) 

can be expressed as q 3 V 4/ where V 4 is the potential ANS FIG P25 24 
at the position of q 3 established by charge q 4 . 

When q 2 is brought into the system, it interacts 
with two other charges, so we have two additional terms q 2 V 3 and q 2 V 4 
in the total potential energy. Finally, when we bring the fourth charge 
q 4 into the system, it interacts with three other charges, giving us three 
more energy terms. Thus, the complete expression for the energy is: 

U =0 +U 2 +U 3 +U 4 
U =0 +U U +(U 13 +U 23 )+(U U +U 2i +U 3i ) 


U= 0+ ^ + wri + i] + W i+ l + i 

s s J s { V2 


u = 


(4^1= 

5.41^ 

l V2J 

s 


We can visualize the term ^4 + -^= j as arising directly from the 4 side 
pairs and 2 face diagonal pairs. 
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P25.25 (a) The electric potential at y = 0.500 m on the y axis is given by 

v =kA + Kfh_ =2 (!S&) 
h r 2 { r J 

w J (8.99 xlO 9 N • m 2 / C 2 )(2.00 x 10 -6 c) 

[ J {TOO m f +(0.500 m) 2 


1.22 x 10 4 V = 

32.2 kV 


y 

p 

, (0, 0.500 m) 

2.00 f i C 

2 .00/iC ^ 

(-1.00 m, 0) 

(1.00 m, 0) 


ANS. FIG. P25.25 

(b) The change in potential energy of the system when a third charge 
is brought to this point is 

U = 4 / =(-3.00 x KT 6 c)(3.22 x 10 4 J/c) = | -9.65xl(r 2 T| 
P25.26 (a) The potential due to the two charges along the X axis is 

V ( x ) I M-K?) 

r i r i Vx 2 Ta 2 yjx 2 +[-af 


V(x)- 




2k e Q 

AQ 

4x^+a 

a 


2 

) 

\j(x/a) 

2 +l 


J(x/af +1 


ANS. FIG. P25.26(a) shows the plot of this function for | x/a \ < 3. 
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P25.27 


P25.28 


(b) The potential due to the two charges along the y axis is 

viy) JsSl + Ml = MjO) I M-<?) 

<1 r 2 |y-a| |y+^ 


V(y)=f 

,V(y) = " 

IkflJa) 


|y/a-l| |y/a+l| 


Jy/ a ~i| |y/a+i|. 


ANS. FIG. P25.26(b) shows the plot of this function for | y/a | < 4. 



The total change in potential energy is the sum of the change in 
potential energy of the q 1 - q 4 , q 2 - q 4 , and q 3 - q 4 particle systems: 


U e =q 4 V 1 +q 4 V 2 +q i V 3 =q 4 l< e \ 


9l+Q2+9l) 

r i r 2 r 3 ) 


U e =(l0.0 x 10“ 6 c) 2 (8.99 x 10 9 N • m 2 / c 2 ) 

1 1 _ 1 _ 

0.600 m + 0.150 m + ^(o.600 m) 2 +(0.150 m) 2 

=| 8.95 J 


(a) Each charge separately creates positive potential everywhere. The 
total potential produced by the three charges together is then the 
sum of three positive terms. There is | no point~| , located at a finite 
distance from the charges, at which this total potential is zero. 

(b) (/Jss+isJISr 

a a a 
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P25.29 


P25.30 


P25.31 


Each charge creates equal potential at the center. The total potential is 

V=5\ 


U e =cfi/=c 


~k e [-q) 1_ 

5k e q 

R J 

R 


The original electrical potential energy is 

k^fl 

d 

In the final configuration we have mechanical equilibrium. The spring 
and electrostatic forces on each charge are 


- k{2 ^w =0 


Then 


k= 


18(f 


In the final configuration the total potential energy is 

2 218cf 3d 9 d 

The missing energy must have become internal energy, as the system 
is isolated: 

A U +AE nt =0 

1 ^_M +AEm= o 

9 d d 

The increase in internal energy of the system is then 


5k e cf 
9 d 


Consider the two spheres as a system, 
(a) Conservation of momentum: 

0 =m 1 v$+m 2 v 2 l-i) or v 2 = 


m i v i 


By conservation of energy, 

k e (-q 1 )q 2 1 2 1 2 Ac e (—Q i)q 2 

Q = e\ wi/wz = _ m 2 + _ m]/ 2 + £1 TLZ-E 

d 2 1 1 2 2 2 r x +r 2 

, k.q x q 2 k q x q 2 1 2 1 m.V 2 

and —^-7-^ =—m x v: H-—, which yields 

q +r 2 c/ 2 2 m 2 


= 2 m 2 k e q x q 2 
1 V m 1 (m x +m 2 ) 


' 1_1' 

v r i +r 2 
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suppressing units. 


|2(0.700)(8.99 x 10 9 )(2 x 1CT 6 )(3 x 1CT 6 ), 

f 1 - M 

]/ (0.100)(0.800) 1 

L 8 x 10~ 3 1.00 J 


= | 10.8 m/s | 

m 2 0.700 kg I-— 


(b) If the spheres are metal, electrons will move around on them with 
negligible energy loss to place the centers of excess charge on the 
insides of the spheres. Then just before they touch, the effective 
distance between charges will be less than r 1 + r 2 and the spheres 
will really be moving | faster than calculated in (a)~| . 


P25.32 Consider the two spheres as a system, 
(a) Conservation of momentum: 

0 =m 1 v 1 i +m 2 v 2 [- i) 


m.v i 

or v 2 =- l - l . 

m 2 

By conservation of energy, 

2+ i ,+ 

d 2 1 1 2 2 2 

K(~<h)<h 
r, +r 2 

, k.q,q 2 k p q,q 2 1 2 1 mjV 2 

and =-mrf + - 1 —^. 

r x +r 2 d 2 2 m 2 


1 2m 2 k e q 1 q 2 

f—- 1 ! 

\m 1 (m 1 +m 2 ) 

V k +r 2 d) 



1 2 mXqj, 

f 1 


/ 

]j m 2 (m 1 +m 2 ) 

vh "*"^2 

d) 


(b) If the spheres are metal, electrons will move around on them with 
negligible energy loss to place the centers of excess charge on the 
insides of the spheres. Then just before they touch, the effective 
distance between charges will be less than r, + r 2 and the spheres 
will really be moving | faster than calculated in (a)~| . 
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P25.33 A cube has 12 edges and 6 faces. Consequently, there are 12 edge pairs 
separated by S, 2 x 6 = 12 face diagonal pairs separated by 72S/ and 4 
interior diagonal pairs separated by 73s- 


U=™- i 2+ d±+" 
s L V 2 V3 


_ 

22.8 M 


s 


P25.34 Each charge moves off on its diagonal line. All charges have equal 
speeds. 


X(K -KJ l =1 (K «J ), 


0 +- 


L 

. 1 'IM 


V2L 


, 4^ ,2M 2 

2L 2n/2L 


=2mv 


r V2 j l 

Solving for the speed gives 


lf l)W 


P25.35 Using conservation of energy for the alpha particle-nucleus system, 
we have K f +U f =/C ( +U r 

U _ eQaQgcu r ==oo. Thus, U: = 0. 


But 

Also, 

so 


K f = 0 (v f = 0 at turning point), 
U f = K i 

r. 2 0 “ 


_2k e q a q gold 

m a vl 

_2(8.99x 10 9 N m 2 /C 2 )(2)(79)(l.60xl0- 19 c) 2 

(6.64 xl0“ 27 kg)(2.00xl0 7 m/s) 2 
=2.74 xl0“ 14 m = |27.4fm| 
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Section 25.4 Obtaining the Value of the Electric Field 
from the Electric Potential 


P25.36 E = - 


BV_ 

dX 


—> E = - = - (slope of line) 

Ax 


The sign indicates the direction of the X component of the field. 
X = 0 to 1 cm: 


c AV 20V-0 „ n „. 

E x =-=-= -20 V/cm 

Ax 1 cm 


X = 1 to 3 cm: 

X = 3 to 4 cm: 


E x = -— = —— = 0 V/m 

Ax 2 cm 

^ AV 0-20 V „„ T7/ 

E =-=-=-(20 V/cm 

Ax 1 cm 


E (V/cm) 
20 - 


-20 

ANS. FIG. P25.36 

P25.37 V =a+hx =10.0 V +(-7.00 V/m)x 

(a) At x = 0, \/ = | 10.0 V | 

At x = 3.00 m. 


y = -ii.o v 


At x = 6.00 m. 


dV 


V = -32.0 V 


(b) E =—— =-b =- (-7.00 V/m) =1 7.00 N/C in the +X direction I 
dx 1 - 1 


dV AV 

P25.38 E =-—» E x = -= - (slope of line) 

dx Ax r 


2 3 4 5 


ANS. FIG. P25.38 
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P25.39 


P25.40 


The sign indicates the direction of the X component of the field. 
X = 0 to 1 cm: 


X = 1 to 2 cm: 

X = 2 to 3 cm: 

X = 3 to 4 cm: 

X = 4 to 5 cm: 


A5/ = _30V^ = _ 30 v /cm 

Ax 1 cm 


c AV 0-30 V onw/ 
Ax 2 cm 

E x = -— = -—— = 0 V/cm 

Ax 1 cm 


AV _ -30 V-0 
Ax 1 cm 
AV _ 0 - (-30 V) 


= 430 V/cm 
■30 V/cm 


(a) V =5x- 3 x 2 y +2 yz 2 , where x, y and z are in meters and V is in 
volts. 


E x =~^~ =-5 +6 xy 

dX 

E =- — =43x 2 - If- 
dy 

c dV A 
Ez =--=-4^ 


which gives 

| E =(-5 +6xy)i +(3x 2 - 2Z 2 ) j - 4yzk\ 

(b) Evaluate E at (1.00,0, -2.00) m, suppressing units, 

E x =-5+6(l.00)(0)=-5.00 
E y =3(l.00) 2 -2(-2.00) 2 =-5.00 
E z =— 4(o)(—2.00) =0 
which gives 

E =^E 2 X +E 2 y +E 2 Z =7(-5.00) 2 +(-5.00 ) 2 +0 2 = | 7.07 N/C | 


(a) 

(b) 


c c • c 

E a > to smce E = - 

AS 


(6-2) V 


=1 200 N/C | down 
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(c) ANS. FIG. P25.40 shows a sketch of the field lines. 



ANS. FIG. P25.40 

kp 


P25.41 (a) For r < R, V = 

(b) For r> R, V= k ^ 

P25.42 For a general expression for the potential on the y-axis, replace the a 
with y. The y component of the electric field is 


E 

y dy dy 


.k e Q 


k e Q ip ( *+V< 2 +/ 

i y 


ty 


1 X 

KQ 

t 2 +/ +ijl 2 +y 2 

yJFFf 


Section 25.5 Electric Potential Due to 

Continuous Charge Distributions 

P25.43 The potential difference between the two points is 


KQ 


- Jr 2 +(2 r ) 2 


= -0.553 


k e Q 


keQ _kfi( l 
R R l>/5 ) 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 
































Chapter 25 127 


P25.44 


P25.45 


V= fcA/ = —f^ 1 
J 4 ne 0 J r 

charge are a 

V =—^—{-1 =(8.99 x 10 9 N ■ m 2 / C 2 „ 

4kg 0 \RJ ' '{ 0.140 m/i 

= PiM mv | 

(a) As a linear charge density, A has units of 
C/m. So a = A/x must have units of C/m 2 : 


All bits of charge are at the same distance from 0. So 

-7.50 x 10‘ 


*_C) 

'* J 





»b 

1 


\*d* 

1 

1 


A 

-- L 


(b) Consider a small segment of the rod at 

location X and of length dx. The amount of ANS. FIG. P25.45 

charge on it is A dx= (ax) dx. Its distance 

from A is d + X, so its contribution to the electric potential at A is 

.. . dq . axdx 

dV =k — =k —— 
e r e d+x 

Relative to V = 0 infinitely far away, to find the potential at A we 
must integrate these contributions for the whole rod, from X = 0 to 

x = L.ThenV = $a/=j L a %£dx. 

all q 

To perform the integral, make a change of variables to 
u = d + x,du = dx, u( atx = 0) = d, and u(atx = L) = d + L: 

v * 

V = kficu\ d d +L - kjxdkv u\ d d +L 
= k f pi(d+ L-d) - k f pcd[\n(d+ L) - In d\ 


V = 


kp. 
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P25.46 


P25.47 




axdx 


Jtf +(/-/ 2-xf 


Let z = — - x. Then x = — - z, and dx = -dz. 
2 2 




V +Z 2 2 J^+z 2 ^ J Vtf +Z 2 

=-^^ln(z+V?+tf) +k ( fx-Jz L +tf 


V=-^\n 


, _ k^L 


x 


'H + JI 


L/2-L+J(L/2) 2 +tf 

L/2+J(L/2Y+tf 


+k '- ,f \i\ 2 _X J +t? 


+/ga 


{FJ+*-W+* 


kpL 


ft +(l 2 /4)-l/2 

^+(L74)+L/2 


^ j f +*« J 

all charge -3R semicircle ft 

V =-^ln(-x)|;"„ +^xR +kji lnx|” 

\/ =/ylln^ +*^1* +fc7lln3 = | fc^()T +2 In 3)] 


Section 25.6 Electric Potential Due to a Charged Conductor 

P25.48 | No. | A conductor of any shape forms an equipotential surface. If the 

conductor is a sphere of radius R, and if it holds charge 0, the electric 
field at its surface is E = /c e Q/R 2 and the -potential of the surface is 
\/ = /c e Q/R; thus, if we know E and R, we can find V. However, if the 
surface varies in shape, there is no clear way to relate electric field at a 
point on the surface to the potential of the surface. 
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P25.49 


P25.50 


P25.51 


kO 

Substituting given values into V = - § — / with Q = Nq: 


7.50 xlO 3 V 


(8.99 xlO 9 N-m 2 /C 2 )0 


Substituting q = 2.50 x 10 7 C, 
2.50 x 10 -7 C 


" 1.60xlO" 19 c/e 


= 1.56 x 10 12 electrons 


For points on the surface and outside, the sphere of charge behaves 
like a charged particle at its center, both for creating field and 
potential. 

(a) Inside a conductor when charges are not moving, the electric field 
is zero and the potential is uniform, the same as on the surface, 
and E = [IT]. 

kq (8.99xlO 9 N m 2 /C 2 )(26.0xl0- 6 c) ,-, 

= '---^- 1 = 1.67 MV 

d 1 - 1 


(C) 


R 

k e q (8.99 xlO 9 

0.140 m 

N • m 2 / C 2 )(26.0 x 10 -6 c) 

' r 2 

(0.200 m) 2 

=| 5.84 MN/C away 

_k e q_[ 8.99 x10 s 

1 N m 2 /C 2 )(26.0xl0" 6 c) 

" R 

0.200 m 

k e q (8.99 x 10 9 

Nm 2 /C 2 )(26.0xlO" 6 c) 

R 2 ~ 

(0.140 m) 2 


= 1 11.9 MN/C | away 

M- 


1/ = -^= 1.67 MV 
R 1 - 1 


(a) Both spheres must be at the same potential according to 
where also q +q =1.20 x 10^ C. 


Then q l = L and 


=1.20xlO" 6 C 
r 2 
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Qi 


1.20 x!0~ 6 C 
1 +6.00 cm/2.00 cm 


=0.300 xlO -6 C 
on the smaller sphere. 


q =1.20 x 10' 6 C - 0.300 x 10“ 6 C =0.900 x 10~* C 
v - k eQi _ (8.99 x 10 9 N • m 2 / C 2 ) (0.900 x 10“ 6 C) 
_ r x 6.00 x 10~ 2 m 

= | 1.35 x10 s V | 


(b) Outside the larger sphere, 

- ka „ 1.35 x10 s V 

E, = -^-r = — r =- 

if r x 0.060 0 m 

Outside the smaller sphere, 

1.35 x10 s V 


r = 2.25 x 10 6 V/m away 


E, = = 6.74 x 10 6 V/m away 

0.020 0 m I- *-} 


The smaller sphere carries less charge but creates a much stronger 
electric field than the larger sphere. 


Section 25.8 Applications of Electrostatics 

P25.52 From the maximum allowed electric field, we can find the charge and 
potential that would create this situation. Since we are only given the 
diameter of the dome, we will assume that the conductor is spherical, 
which allows us to use the electric field and potential equations for a 
spherical conductor. 


(a) E max = 3.00xlO 6 V/m 




V max =f ma x r =(3.00 x 10 6 V/m)(0.150 m) = | 450 kV | 


(b) 


_E max r 2 _(3.00xl0 6 V/m)(0.150 m) 2 r 


8.99xlO 9 N-m 2 /C 2 


7.51 juC 
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Additional Problems 

P25.53 From Equation 25.13, solve for the separation distance of the electron 
and proton: 


U = k e ^- -> r l2 = k,^ = -k'^ 


The separation distance r 12 between the electron and proton is the same 
as the radius r of the orbit of the electron. Substitute numerical values: 


P25.54 


r 


= -(8.99 x 10 9 N m 2 /C 2 ) 


(l.6 x 10~ 19 C) 2 
-13.6 eV 


leV " 
1.6 x 10" 19 J y 


= 1.06 x 10~ 10 m 

Set this equal to r = n 2 (0.052 9 nm) and solve for n: 

r = /f (0.052 9 nm) =1.06 xlO' 10 m = 0.106 nm 

Which gives n = 1.42. Because n is not an integer, this is not possible. 
Therefore, the energy given cannot be possible for an allowed state of 
the atom. 


(a) The field within the conducting Earth is zero. The field is 

downward, so the Earth is negatively charged. Treat the surface 
of Earth at this location as a charged conducting plane: thus, use 

E = o/e 0 


which gives 

o = Ee 0 = (120 N/C)(8.85x 10‘ 12 C 2 /N■ m 2 ) 

= 11.06 nC/m 2 , negative | 

(b) Q =oA =a4nr 2 =(-1.06x 10~ 9 C/m 2 )(4;r)(6.37 x 10 6 m) 2 
= p542 kC| 


(c) 

(d) 


The Earth acts like a conducting sphere: 

kO (8.99xl0 9 N-m 2 /C 2 )(-5.42x10 s C) .-. 

V =^m=- --- = -764 MV 

R 6.37 xlO 6 m 1 - 1 

Electric potential decreases in the direction of the electric field; 
therefore, the potential is greater at greater heights: 

v head - Vfe* = E ^ = (120 N/C)(1.75 m) = 210 V. 


[The person's head is higher in potential by 210 V. | 
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(e) Like charges repel: 

c _k e q 1 q 2 _(8.99xl0 9 N-m 2 /C 2 )(5.42xl0 5 C) 2 (0.273) 

Fe r 2 (3.84 x10 s m) 2 

F e =4.88 x 10 3 N = | 4.88 x 10 3 N away from Earth | 

(f) The gravitational force is 

_ GM e M m 

G r 2 

_ (6.67 x 10- 11 N ■ m 2 /kg 2 )(5.98 x 10 24 kg)(7.36 x 10 22 kg) 
(3.84 x10 s m) 2 

F g =1.99 xlO 20 N 


Comparing the two forces. 


Fe = 
Fe 


1.99xlO 20 N 
4.88xlO 3 N 


= 4.08 xlO 16 


The gravitational force is in the opposite direction and 4.08 x 10 16 
times larger. Electrical forces are negligible in accounting for 
planetary motion. 

P25.55 Assume the particles move along the X direction. 

(a) Momentum is constant within the isolated system throughout the 
process. We equate it at the large-separation initial point and the 
point C of closest approach. 


iDjVn +m 2 v 2j =m 1 v lc +m 2 v 2c 
my +0 =m 1 v c +m 2 v c 

my : (2.00xl0 _3 kg)(21.0 m/s), i . 

m 1 +m 2 7.00 x 10~ 3 kg 1 - 

(b) Energy is conserved within the isolated system. Compare energy 
terms between the large-separation initial point and the point of 
closest approach: 


/C, +U,. =K f 4 II f 


1 2 1 2 1 

-m,vt +-m 2 v 2i +0 =- 

2 1 1 2 2 • 2 

^my +0 =^K +m 2 )| 


(mj +m 2 )v 2 c +■ 


Mi q 2 
r c 


m,v Y | MA 

m 1 +m 2 J r c 
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> my +0 =— 1 + 2 - 

m, +m 2 


(m, +m?)my -m;v~ =2 


MaK +m 2 ] 


,maK +m 2 ; 


_2k e q 1 g 2 (m 1 +m 2 


_2(8.99 x 10 9 N-m 2 /C 2 )(l5.0x 10“ 6 c)(8.50xlCT 6 c)(7.00xl0~ 3 kg) 
(2.00 xl0“ 3 kg) (5.00 x 10“ 3 kg)(21.0 m/s) 2 


(c) The overall elastic collision is described by conservation of 
momentum: 


m 1 v li +m 2 v 2j =m 1 v lf +m 2 v 2f 
my +0 =m 1 v lf i +m 2 v 2f i 
and by the relative velocity equation: 


v-0=v 2f -v lf ^v 2f =v+v lf 

We substitute the expression for V 2f into the momentum equation: 
m r v =m 1 v lf +m 2 v 2f 
m x v =m 1 v lf +m 2 (v +v lf ) 
m r v =m 1 v u +m 2 v +m 2 v lf 
m 1 \/-/n 2 \/ =m 1 v lf +m 2 v lf 
( m, - m 7 ) v =( m. +m,) v, f 


Z-OOg-S-OOg (2 L0m /s) 
11 m, +m, ) 2.00g +5.00gJ 


Therefore, the velocity of the particle of mass m, is [-9.00 i m/s| . 
(d) Substitute the expression for l/ lf back into V 2f = V + v lf : 

v 2f =v+v lf =(21.0 m/s)+(-9.00 m/s) =12.0 m/s 

Therefore, the velocity of the particle of mass m 2 is |l2.0 i m/s] . 
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P25.56 


Assume the particles move along the X direction. 

(a) Momentum is constant within the isolated system throughout the 
process. We equate it at the large-separation initial point and the 
point C of closest approach. 

/npq, +/r) 2 v 2( =m 1 v lf +m 2 v 2 f 
my +0 =/n 1 t/ c i +m 2 v c i -» 


m, +m 2 


(b) Energy is conserved within the isolated system. Compare energy 
terms between the large-separation initial point and the point of 
closest approach: 

K, +U i =K f MJ f 

^my, +^m 2 v 2i +0 =^(m 1 +m 2 )v 2 +Mi Sl 


-m,v 2 +0 =-(m, +m 7 )\ 

2 1 2' 1 21 [rrh+m. 


2 m i v ~ kuq 2 

■> m,v 2 +0 =— 1 - +2 ^im 

m, +m„ r 


k e q,q 2 


i \ 7 77 „kq,q 2 [m, +m ? 

■> (m x +m 2 ) my - m 2 v 2 =2 e 1 2V 1 -- 


2 o Mi Q 2 ( m i +m 2 ) 
m x my =2 -— -> r c = 


2/c e q 1 q 2 (m 1 +m 2 


(c) The overall elastic collision is described by conservation of 
momentum: 

/npq, +m 2 v 2( =m 1 v lf +m 2 v 2f 

my +0 =m 1 v lf i +m 2 v 2f i m t v =m 1 v u +m 2 v 2f 

and by the relative velocity equation: 
v Vl - i/ 2/ =v 2 f -v lf 

v- 0 =v 2 f -v lf v 2 f =v+v lf 


We substitute the expression for v 2f into the momentum equation: 
m } v =m 1 v lf +m 2 v 2f 
m x v =m 1 v lf +m 2 [v+v u ] 
m^v =m 1 v lf +m 2 v +m 2 v lf 
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P25.57 


P25.58 


m^-m^ =m 1 v u +m 2 v lf 
(m 1 -m 2 )\/ =(m 1 +m 2 )v lf ^v lf ■■ 


{ m 1 +m 2 

Therefore, the velocity of the particle of mass m 1 is 


m 1 +m 2 


(d) Substitute the expression for V lf back into V 2f =V + v lf : 

, , f m 1 -m 2 

v 2f =v +v lf =v + —-- 

2f lf { m, +m 9 


( m 1 +/n 2 )+(m 1 -m 2 ) 

1 , _r 2m x "j 

m 1 +m 2 

^ m 1 +m 2 J 


Therefore, the velocity of the particle of mass m 2 is 


2m l 

m 1 +m 2 ) 


The two spheres of charge have together electric potential energy 


=(8.99xlO 9 N-m 2 /C 2 ) 


(38)(54)(l.60xlCT 19 C) 2 
(5.50 +6.20 )x!0 -15 m 


=4.04xlO -11 J = | 253 MeV | 

ke a spark 5 mm long in dry a: 
es potential difference 

AV =Ed=[ 3xl0 6 V/m)(5xl0“ 3 m)=1.5x!0 4 V| ~ 10 4 V | 


(a) To make a spark 5 mm long in dry air between flat metal plates 
requires potential difference 


(b) The area of your skin is perhaps 1.5 m 2 , so model your body as a 
sphere with this surface area. Its radius is given by 1.5 m 2 = 4/rr 2 , 
r = 0.35 m. We require that you are at the potential found in part 


(a), with V = ^. Then, 


q = 


Vr _ 1.5xlO 4 V(0.35 m) ( J 


k e 8.99 x 10 9 N ■ m 2 / C 2 ^ V • C 


:)(¥) 


q= 5.8x 10“ 7 C -10" 6 C 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 




136 Electric Potential 


P25.59 


P25.60 


We have V 1 = k e Q/R = 200 V and V 2 = k e Q/(R + 10 cm) = 150 V. 

(a) Y-L = R +1 ° cm = 2 YY 150 (R +10 cm) =200R -+ R =|30.0 cm| 
V ? R 150 ' 1 - 1 


(b) From V 1 = k e -^, we have 

= V£ _ (200V)(0.300 m) 667xl0 _ 
k e 8.99 xlO 9 N-m /C 

(c) We have U = /c e Q/R = 210 V and E = k e Q/(R + 10 cm) 2 = 400 V/m. 
Therefore, 

V = (K+10cn+ = 210 = 21 ^ 4 2 

E R 400 40 

where R is in meters. 

Thus, we have 

40R 2 + 8R + 0.4 = 21R 40R 2 - 13R + 0.4 = 0 

There are two possibilities, according to 


R _+13±7l3 2 -4(40)(0.4) _ 


either 0.291 m or 0.034 4 m 


80 

= 129.1 cm or 3.44 cm] 

(d) If the radius is 29.1 cm, 

J* = (210 V)(0.291 m) x 10 -, c 

k e 8.99x 10 9 N-m /C 1 - 1 


If the radius is 3.44 cm, 

_ = VR _ (210 V)(0.0344 m) 
k e 8.99xlO 9 N-m 2 /C 2 


=8.04x10 10 C = 804 pC| 


(e) | No; two answers exist for each part. | 

(a) The exact potential is 

! KQ k e q _ | k e q k e q _k e q 2k e q 
r+a r-a 3 a+a 3a- a 4a 4a 

(b) The approximate expression -2k e qa/x 2 gives 

-2k e qa/(3af = -k e q/4.5a 
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Compare the exact to the approximate solution: 


1/ 4-1/ 4.5 
1/4 


05 

4.5 


= 0 . 111 . 


The approximate expression - 2k e qa/x 2 gives - k e q/ 4.5a, 
which is different by only 11.1%. 

P25.61 1/1/ = J Vdq, where V = ^. 


P25.62 

P25.63 


P25.64 


Therefore, 1/1/ 


k e Q 2 _(8.99xl0 9 N • m 2 /C 2 )(l25 x 10“ 6 c) 2 

~2R 2(0100 m) I- 


/ = j Vdq, where V = . Therefore, 1/1/ = 


k e 0 2 

2 R 


For a charge at (X = -1 m, y = 0), the radial distance away is given by 
yj(x +1) 2 +y 2 . So the first term will be the potential it creates if 

(8.99 x 10 9 N • m 2 /C 2 )Q 1 = 36 V-m Q 1 = 4.00nC 

The second term is the potential of a charge at (X = 0, y = 2 m) with 
(8.99 x 10 9 N • m 2 /C 2 )Q 2 = -45 V-m Q 2 = -5.01nC 
Thus we have |4.00 nC at (-1.00 m, 0) and - 5.01 nC at (0,2.00 m/j 

From Example 25.5, the potential along the X axis of a ring of charge of 
radius R is 


\/ = 


KQ 

'[R^x 2 


Therefore, the potential at the center of the ring is 
k e 0 _ _k e Q 
R 


V = 


w 


When we place the point charge Q at the center of the ring, the electric 
potential energy of the charge-ring system is 


U =QV = Q\ | = 


k e Q 2 

R 


Now, apply Equation 8.2 to the isolated system of the point charge and 
the ring with initial configuration being that with the point charge at 
the center of the ring and the final configuration having the point 
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P25.65 


P25.66 


charge infinitely far away and moving with its highest speed: 






AK +A U =0 

Solve for the maximum speed: 

{ mR 

Substitute numerical values: 

J 2(8.99 x 10 9 N-m 2 /C 2 )(50.0 x 10“ 6 c) 2 


(O.lOO kg)(0.500 m) 

= 30.0 m/s 

Therefore, even if the charge were to accelerate to infinity, it would 
only achieve a maximum speed of 30.0 m/s, so it cannot strike the wall 
of your laboratory at 40.0 m/s. 

In Equation 25.3, V 2 -V 1 = AV = - E ■ ds, think about stepping from 
distance // out to the larger distance r 2 away from the charged line. 
Then ds = dri, and we can make r the variable of integration: 

V,-V=- P —^— r ■ dr r with r ■ r = 1 • lcos0° = 1 
Jr ' 2 ne 0 r 

The potential difference is 

V - V = -—— [ 2 — =-——lnrf 2 

2n e n J 'i r 2 k g, k 


V 2 -V, =-^(lnr 2 -lnr,) = 


'2 n e 0 


(a) Modeling the filament as a single charged particle, we obtain 

_k e Q _(8.99 x 10 9 N m 2 /C 2 )(l.60 x 10“ 9 c) 
r 2.00 m 

(b) Modeling the filament as two charged particles, we obtain 


= 7.19 V 


v= ^ + ^ =k (9, + oA 

r i r 2 Ui r 2 ) 
=(8.99 x 10 9 N-m 2 /C 2 )| 


1.50 m 


2.50 m 


= 7.67 V 
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P25.67 


P25.68 


(c) Modeling the filament as four charged particles, we obtain 

v=k (9, + 9,^^) 

{ r > h h r 4 ) 

=(8.99 x 10 9 N-m 2 /C 2 ) 

f 0.400 x 10“ 9 C , 0.400 x 10~ 9 C 


1 0.400 kjO" 9 c | 0.400 x 10~ 9 c) 


2.25 m 


2.75 m 


= 7.84 V 


(d) We represent the exact result as 


\/ = 




(8.99 x 10" N-m 2 /C 2 )(l.60 x 10 -9 c) 


H!) 


2.00 m 

=7.901 2 V 

Modeling the line as a set of points works nicely. [The exact result,) 


represented as 7.90 V, is approximated to within 0.8% by the| 


four-particle version.) 

We obtain the electric potential at P by integrating: 

V =K J ^== =^ln[x + VM]L 



a+L +y][a+Lf +tf 


a+Va? 


(a) V B - V A = - J E ■ ds and the field at distance 

r from a uniformly charged rod (where 
r > radius of charged rod) is 

£ _ A _2 kji 

2 7iE 0 r r 

In this case, the field between the central 
wire and the coaxial cylinder is directed 


•a > 

O' 


ANS. FIG. P25.68 
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perpendicular to the line of charge so that 


V B -V A =-)^dr = 2K* ln(5 


or 


AV = 2/CgAln 


(b) From part (a), when the outer cylinder is considered to be at zero 
potential, the potential at a distance r from the axis is 

V = 2^ln[i] 


The field at r is given by 



But, from part (a), 2 kji 


AV 

ln(r a /rj‘ 


Therefore, 



P25.69 


(a) The positive plate by itself creates a field 


E 


G 36.0 x 1CT 9 C/m 2 
2e 0 2(8.85xl0- 12 C 2 /N-m 2 ) 


=2.03 kN/C 


away from the positive plate. The negative plate by itself creates 
the same size field and between the plates it is in the same 
direction. Together the plates create a uniform field |4.07 kN/Cj 
in the space between. 

(b) Take V = 0 at the negative plate. The potential at the positive plate 
is then 


=\/-0 =-J E x dx =- J 


(-4.07 kN/C)dx 


The potential difference between the plates is 
V =(4.07xlO 3 N/c)(0.120 m) = | 488 V | 

(c) The positive proton starts from rest and accelerates from higher to 
lower potential. Taking V j = 488 V and V f = 0, by energy 
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P25.70 


conservation, we find the proton's final kinetic energy. 

(K +cj l/). =(K +<$/) f -> K f =c^ i 

^mv 2 +qV^j =^mv 2 +qV^j 


qV =(l.60x 10 -19 C)(488 V) =-mv 2 f =| 7.81xlO~ 17 T] 


(d) From the kinetic energy of part (c). 


K =-mv 2 f 
2 f 


<2K _ /2 (7.81 x 10 -17 j) 
1.67 x!0“ 27 kg 


=3.06 xlO 5 m/s = |306 kmiTs] 


(e) Using the constant-acceleration equation, V} =vf +2 a[x f - X ( ), 


v* f -vt _(3.06xl0 5 m/sf-O 
a ~2[x f - Xi ) 2(0.120 m) 

= | 3.90 xlO 11 m/s 2 | toward the negative plate 


(f) The net force on the proton is given by Newton's second law: 

=ma =(l.67x 10~ 27 kg)(3.90xl0 u m/s 2 ) 

= | 6.51 xl0~ 16 N | toward the negative plate 

(g) The magnitude of the electric field is 


F _ 6.51 xlO’ 16 N 
q~ 1.60xl0“ 19 C 


4.07 kN/C | 


(h) [They are the same.] 

(a) Inside the sphere, | E x = E y = E Z = 0| . 

(b) Outside, 

E * = "f? ^(k-EvZ+eM * 1 +/ +z‘T P ) 

=-j/+0+£ 0 a > z(-|j(x 2 +y- +z 2 l s,2 (2x)J 
E./lE^xz^+Z+z 2 )' 5 ' 2 
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=-E^-^ + f + fY' 2 2y 


3E 0 a'yz(x 2 +y 2 +z 2 )~ 5/2 


E z =~ =-^[v 0 -E 0 z+E 0 ^z(x 2 +y 2 +z 2 )' 3/2 ] 

=E 0 -E 0 sPz^-|j(x 2 +y 2 +z 2 )~ 5/2 (2z)-E 0 sP(x 2 +y 2 +Z 2 )" 3 ' 


E = 


E 0 +E 0 a 3 (2Z 2 - x 2 - y 2 ) (x 2 +y 2 +Z 2 )~ 5 


Challenge Problems 

P25.71 (a) The total potential is 

v= k£_k£ = k£i r _ r] 
r, r 2 r t r 2 [l M 

From the figure, for r » a, r 2 - q ~ 2acos0. 
Note that r 1 is approximately equal to r 2 . Then 

r i r 2 ' 


ANS. FIG. P25.71 


In spherical coordinates, the 9 component of the gradient 
is Therefore, 


(b) 


e,=4= 

dr 


IkjDcosd 

? 



/3Y|- 

kjDsinO 

UeJ 

r 3 

= 90°: 

E r [ 90 

= 0°: 

E r [ 0° 


| Yes, | these results are reasonable. 
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P25.72 


P25.73 


(d) | No, | because as r 0, E -^oo. The magnitude of the electric field 
between the charges of the dipole is not infinite. 

(e) Substituting r x ~ r 2 ~ r =(x 2 + y 2 ) 1/2 and cos 6 =-. - — u/2 into 

(x 2 +y 2 ) 


.. kjocosO . kpy 

v= — glves (xNTf 


dV 3k e pxy 


BV kjo(2y 2 -x 2 ) 

x ~ dx ~ (x 2 +y 2 ) 5/2 


y ay ( x 2 +y 2 ) 512 


Following the problem's suggestion, we use dil = V dq, where the 
kq 

potential is given by V = —— . The element of charge in a shell is 

dq = p (volume element) or dq =p[4n r 2 dr ) and the charge q in a 
sphere of radius r is 

q=4np)r 2 dr = p 

Substituting this into the expression for dU , we have 

du=(M 




But the total charge, Q - p—nR 3 . Therefore, 


5 R 


For an element of area which is a ring of radius r and width dr, the 


incremental potential is given by d\/ =- 

dq=odA =Cr(lTzrdr) 

The electric potential is then given by 

r 2 dr 


fd+x 1 


, where 


V=C(2Kk e )j- 


'r +x= 
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P25.74 


P25.75 


From a table of integrals, 

r - 1 ££—Ljn7-!t bl (r + jF^?) 

J Jr 2 Xv 2 2 2 ' I 


The potential then becomes, after substituting and rearranging, 

r 2 dr 


V=C(2nk e )j- 


lr 2 +x 2 


r/cC 


R-\l R 2 +X 2 +X 2 In 


R +V« 2 +x 2 


Take the illustration presented with the problem as an initial picture. 
No external horizontal forces act on the set of four balls, so its center of 
mass stays fixed at the location of the center of the square. As the 
charged balls 1 and 2 swing out and away from each other, balls 3 and 
4 move up with equal y-components of velocity. The maximum- 
kinetic-energy point is illustrated. System 
energy is conserved because it is isolated: 

K; +U; =K f +U f 
0 +U i =K f +Uf 
-+U t =K f +U f 



V V 


ANS. FIG. P25.74 


a 


1 2,1 2,1 2 1 2 , Kq 

=-mv 2 +-mv 2 +-mv 2 +-mv 2 -M 

2 2 2 2 3a 


2 k e q 2 
3 a 



(a) 


Take the origin at the point where we will find the potential. One 

ring, of width dx, has charge and, according to Example 
h 

25.5, creates potential 


cA/ 


k e Qdx 
thjx +R 2 


The whole stack of rings creates potential 


v- J <y-T fP* Jgtolx+JFW} 

„L t , i h ' J* 


WJ 

d+h +^j[d+h) +R 2 

h k 

d+ylcf +R 2 J 


d+h 

d 
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(b) A disk of thickness dx has charge and charge-per-area 


Qdx 

nP 2 h 


. According to Example 25.6, it creates potential 


cA/ =2 nk e -Q^-Ux 2 +R 2 -x) 
nR 2 h x 1 


Integrating, 


V = J^(jS+¥dx-xdx) 



^[(d+h)7(d+h) 2 +R 2 -djdf +R 2 

-2dh-lf + R 2 J d+h+J(dW «e' 
[ d+Vcf +R 2 J 


P25.76 The plates create a uniform electric field to the right in the picture, 
with magnitude 

Vq-(-V,)_2Vo 
d d 

Assume the ball swings a small distance x to the right so that the 
thread is at angle 6 from the vertical. The ball moves to a place where 
the voltage created by the plates is lower by 



Because its ground connection maintains the ball at V =0, charge q 
flows from ground onto the ball, so that 

d R w k e d 

Then the ball feels an electric force 


F = qE = 


4 V 2 xR 

k e cf 
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P25.77 


to the right. For equilibrium, the electric force must be balanced by the 
horizontal component of string tension according to 


Tsin# = qE = 


4 V 0 2 xR 

k e cf 


and the weight of the ball must be balanced by the vertical component 
of string tension according to T cos # = mg. Dividing the expression for 
the horizontal component by that for the vertical component, we find 
that 


tan# = 


4 V 2 xR 
kjfmg 


For very small angles, we can approximate tan# ~ sin# = —, so the 
above expression becomes 
x 4 V 2 xR 


L k e d 2 mg 


V n = 


k e d 2 mg | 
4 RL I 


for small x 


If V 0 is less than this value, the only equilibrium position of the ball is 
hanging straight down. If V 0 exceeds this value, the ball will swing 
over to one plate or the other. 

For the given charge distribution, 

../ \ k e [cj) k (~2q) 

V x, y, z =-£22LL — 21 

r x r 2 

where r x =yj[x+R) 2 +y 2 +Z 2 

and r 2 =^x 2 +y 2 +Z 2 

The surface on which V (x, y, z) = 0 is given by 




2 r, = r 2 


This gives: 

4 [x+Rf +4 y 2 +4 z 2 =x 2 +y 2 +Z 2 
which may be written in the form: 

x 2 + y 1 + z 2 + ^R ) jx+{0)y+ (o)z+^R 2 j=0 


[ 1 ] 
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The general equation for a sphere of radius a centered at (x 0/ y 0 , z 0 ) is: 

(x- x 0 ) 2 +(y-y 0 f +(z- zj-a 1 =0 
or x 2 +y 2 +Z 2 +(-2x 0 )x +(-2y 0 )y +(-2z 0 )z 

+( x ^+ y ^+ 4-^)=0 [ 2 ] 

Comparing equations [1] and [2], it is seen that the equipotential 
surface for which V = 0 is indeed a sphere and that: 

-2*0 =|fl; - 2 y„ = 0 ; -2z, = 0 ; xf +yj +4-0? =|r 2 

Thus, *o = -^R. y„ = 2 j = 0,and s' = (y-f )« 2 = f 
The equipotential surface is therefore a sphere centered at 


f 4 ^ 


2 


, having a radius 

—R 

3 
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lNSWERS to even-numbered problems 


P25.2 (a) -6.00 x l(p* J; (b) -50.0 V 

P25.4 1.35 MJ 

P25.6 See P25.6 for full explanation. 

P25.8 (a) -2.31 kV; (b) Because a proton is more massive than an electron, a 

proton traveling at the same speed as an electron has more initial 
kinetic energy and requires a greater magnitude stopping potential; (c) 
AV p /A V e = -m p /m e 

P25.10 (a) isolated; (b) electric potential energy and elastic potential energy; 

(c) ■ (d) Particle in equilibrium; (e) —; (f) ; 

k k dt 2 m 

(g>2 *JI ; (h) The period does not depend on the electric field. The 

electric field just shifts the equilibrium point for the spring, just like a 
gravitational field does for an object hanging from a vertical spring. 

P25.12 (a) -5.76 x 10” 7 V; (b) 3.84 x 10” 7 V; (c) Because the charge of the proton 

has the same magnitude as that of the electron, only the sign of the 
answer to part (a) would change. 

P25.14 (a) 5.39 kV; (b) 10.8 kV 

P25.16 (a) 103 V; (b) -3.85 x 10“ 7 J, positive work must be done 

P25.18 (a) 5.43 kV; (b) 6.08 kV; (c) 658 V 

P25.20 (a) 6.00 m; (b) -2.00 jtiC 

P25.22 -11.0 x 10 7 V 

P25.24 5.41^- 

s 

2 

P25.26 ( 0 I, =mb) See ANS. FIG. P25.26(b). 

VU/a) +i 

P25.28 (a) no point; (b) 

P25.30 AE int = 

mt 9d 
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P25.32 


P25.34 

P25.36 

P25.38 

P25.40 

P25.42 

P25.44 

P25.46 

P25.48 

P25.50 

P25.52 

P25.54 


P25.56 

P25.58 

P25.60 


(a) v 1 = 


2m 2 /c e q 1 q 2 ( 1 l' 
m l (m 1 +m 2 ) / r x +r 2 d J 


and v 2 


2 /n 1 /c e q 1 q 2 ( 1 
m 2 (m 1 +m 2 )l v r 1 +r 2 


■ ; (b) faster than calculated in (a) 



See ANS. FIG. P25.36. 
See ANS. FIG. P25.38. 


AV 

(a) E a > E e since E = —; (b) 200 N/C; (c) See ANS. FIG. P25.40. 


E y 


y /f +? 


-1.51 MV 



+(L 2 /4)-L/2 

JtT$J/4j+L/2 


No. A conductor of any shape forms an equipotential surface. 
However, if the surface varies in shape, there is no clear way to relate 
electric field at a point on the surface to the potential of the surface. 

(a) 0,1.67 MV; (b) 5.84 MN/C away, 1.17 MV; (c) 11.9 MN/C away, 
1.67 MV 

(a) 450 kV; 7.51 pC 

(a) 1.06 nC/m 2 , negative; (b) -542 kC; (c) -764 MV; (d) The person's 
head is higher in potential by 210 V; (e) 4.88 x 10 3 N away from Earth; 
(f) The gravitational force is in the opposite direction and 4.08 x 10 16 
times larger. Electrical forces are negligible in accounting for planetary 
motion. 


(a) 


m 1 +m : 


; (b) 


2Mftk -H",). rnwnkhj (d) r 

m^v 2 {m 1 +m 2 J i v m 1 +m 2 J 


(a) ~10 4 V; (b) ~10“ 6 C 

kq 2 

(a) ——; (b) The approximate expression -2 kqa/x gives -k q/ 4.5, 
4 a 

which is different by only 11.1%. 
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P25.62 !S&L 
2 R 

P25.64 Even if the charge were to accelerate to infinity, it would only achieve 
a maximum speed of 30.0 m/s, so it cannot strike the wall of your 
laboratory at 40.0 m/s. 

P25.66 (a) 7.19 V; (b) 7.67 V; (c) 7.84 V; (d) The exact result, represented as 7.90 

V, is approximated to within 0.8% by the four-particle version. 

P25.68 ( a,A 1 / = 2 f a 1 n[i);(b)£=^(i) 

P25.70 (a) E x = E y = E z = 0; (b) E x =3E {) a i xz(x 2 +y 2 +Z 2 )” 5/2 , 

E y =3E () a’yz[x 2 4-y 2 +Z 2 )' 5/2 , E z =E 0 +E 0 a 3 (iz 2 - x 2 - y 2 )(x 2 +y 2 +Z 2 ) _5/2 

P25.72 U=-^- 

5 R 

P25.74 v = 

P25.76 See P25.76 for full explanation. 



© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 



26 


Capacitance and Dielectrics 


CHAPTER OUTLINE 


26.1 Definition of Capacitance 

26.2 Calculating Capacitance 

26.3 Combinations of Capacitors 

26.4 Energy Stored in a Charged Capacitor 

26.5 Capacitors with Dielectrics 

26.6 Electric Dipole in an Electric Field 

26.7 An Atomic Description of Dielectrics 

|* An asterisk indicates a question or problem new to this edition.) 


ANSWERS TO OBJECTIVE QUESTIONS 


OQ26.1 


OQ26.2 


(i) Answer (a). Because C = kg 0 A/d and the dielectric constant k 
increases. 

(ii) Answer (a). Because AV is constant, and C increases, so 
Q = CAV increases. 

(iii) Answer (c). 

(iv) Answer (a). Because AV is constant, and C increases, 

U E =^C( AV) 2 increases. 

Answer (b). The capacitance of a metal sphere is proportional to its 
radius (C = Q /V =R/k e ), and its volume is proportional to radius 
cubed; therefore, the capacitance of a metal sphere is proportional to 
the cube root of the volume: 3 1/3 . 
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OQ26.3 Answer (a). 


kg, A 


_(l.OOx 10 2 )(8.85x 10' 12 C 2 /N■ m 2 )(l.00x 10 -4 m 2 ' 


=8.85x10 11 F or 


1.00x10 3 m 
88.5 pF 


OQ26.4 


OQ26.5 


OQ26.6 


Answer (c). The voltage remains constant, but C decreases by a factor 
of 2 because C =kg 0 A/d—> kg {) A/[id) =C/2. Therefore, 


U E =^C(AV) 2 


mc)(AVf4u E 


OQ26.7 


OQ26.8 


Answer (b). Choice (a) is not true because 1/C eq is always larger than 
1/C 1 + 1/C 2 + 1/C 3 . Choice (c) is not true because capacitors in series 
carry the same charge Q , and the voltage across capacitance C, is 
A Vi = Q/Cj. Choices (d) and (e) are not true because capacitors in 
series carry the same charge. 

Answer (b). Let C = the capacitance of an individual capacitor, and 
C s represent the equivalent capacitance of the group in series. While 
being charged in parallel, each capacitor receives charge 

0 =CA\/ charge =(5.00 x 10" 4 F)(800 V) =0.400 C 
While being discharged in series, 

0 _ Q 0.400 C 
' C 5 ~ C/10 - 5.00xl0“ 5 l 

(or 10 times the original voltage). 

(i) Answer (b), because Q = CAV. 

(ii) Answer (a), because U E =^C( AV f. 

Answer (d). Let C 2 be the capacitance of the large capacitor and C , 
that of the small one. The equivalent capacitance is 


AV,. 


- = 8.00 kV 


1 

1 

. —c f 

1/Cj +1/C 2 ” 

( C x +C 2 ^ 

1 1 

V QC 2 J 


C 2 +Q 


This is slightly less than C v 
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OQ26.9 Answer (a). Charge Q remains fixed, but the capacitance doubles: 

C =k Gq A / d —> (2 k) e 0 A/d =2 C. Therefore, AV = Q/C— > 0 /(2C) = 
AV /2. 

OQ26.10 (i) Answer (c). For capacitors in parallel, choices (a), (b), (d), and (e) 

are not true because the potential difference AV is the same, and the 
charge across capacitance C, is Q, = C, AV. 

(ii) Answer (e). Although the charges on capacitors in series are the 
same, the equivalent capacitance is less than the capacitance of any of 
the capacitors in the group, because 1/C eq is always larger than 1/C , 

+ 1/C 2 + 1/C 3 ; therefore, choices (a) and (c) are not true. Choices (b), 
(c), and (d) are not true because the charge Q is the same, and choice 
(c) is also not true because the potential difference across capacitance 
C i isAV i =Q/C, 

OQ26.11 Answer (b). The charge stays constant but C decreases by a factor of 2 
because C =kg 0 A/d—> kg 0 A/(id) —C/ 2. Therefore, 


U E = 


91 . 

ic 



=2 u E 


OQ26.12 We find the capacitance, voltage, charge, and energy for each 
capacitor. 

(a) C = 20 /iF AV =4V Q = CAV=80/iC 

U E = ^0 AV = 160 fi] 

(b) C = 30 fiF AV = Q /C = 3 V Q = 90 jiC 

U E = 135 /ij 

(c) C = Q/AV = 40 piF AV = IV Q = 80 

U E = 80//J 

(d) C = 10 nV AV = ( 1U /Cf n = 5 V Q = 50 fiC 

U E = 125 n] 

(e) C =1U E / (AV) 2 =5 pF AV=10V Q=50/fC 

U E = 250 juJ 

(i) The ranking by capacitance isc>b>a>d>e. 

(ii) The ranking by voltage AV ise>d>a>b>c. 

(iii) The ranking by charge Q isb>a = c>d = e. 

(iv) The ranking by energy l/ E ise>a>b>d>c. 
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OQ26.13 (a) False, (b) True. The equation C = Q/AV implies that as charge Q 

approaches zero, the voltage AV also approaches zero so that their 
ratio remains constant. 


OQ26.14 


(i) Answer (b). Because C = Ke 0 A/d and the plate separation d 
increases. 

(ii) Answer (c). 

(iii) Answer ( c). Because E = Q / kg 0 A remains the same. 


(iv) Answer (a). Because AV = Ed and d increases. 


lNSWERS to conceptual questions 


CQ26.1 (a) The capacitor may be charged! 

(b) Discharge the capacitor by connecting its terminals together. 

CQ26.2 Put a material with higher dielectric strength between the plates, or 
evacuate the space between the plates. At very high voltages, you 
may want to cool off the plates or choose to make them of a different 
chemically stable material, because atoms in the plates themselves 
can ionize, showing thermionic emission under high electric fields. 

CQ26.3 The primary choice would be the dielectric. You would want to 

choose a dielectric that has a large dielectric constant and dielectric 
strength, such as strontium titanate, where k ~ 233 (Table 26.1). A 
convenient choice could be thick plastic or Mylar. Secondly, 
geometry would be a factor. To maximize capacitance, one would 
want the individual plates as close as possible, since the capacitance 
is proportional to the inverse of the plate separation—hence the need 
for a dielectric with a high dielectric strength. Also, one would want 
to build, instead of a single parallel plate capacitor, several capacitors 
in parallel. This could be achieved through "stacking" the plates of 
the capacitor. For example, you can alternately lay down sheets of a 
conducting material, such as aluminum foil, sandwiched between 
sheets of insulating dielectric. Making sure that none of the 
conducting sheets are in contact with their immediate neighbors, 
connect every other plate together. ANS. FIG. CQ26.3 illustrates this 
idea. 

This technique is often used when "home-brewing" signal capacitors 
for radio applications, as they can withstand huge potential 
differences without flashover (without either discharge between 
plates around the dielectric or dielectric breakdown). One variation 
on this technique is to sandwich together flexible materials such as 
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aluminum roof flashing and thick plastic, so the whole product can 
be rolled up into a "capacitor burrito" and placed in an insulating 
tube, such as a PVC pipe, and then filled with motor oil (again to 
prevent flashover). 


CQ26.4 


CQ26.5 



The dielectric decreases the electric field between the plates, causing 
the potential difference to decrease for the same amount of charge. 
More charge may be placed on the capacitor before the capacitor 
experiences dielectric breakdown (resulting in charge jumping from 
one plate to the other, and in a path being burned through the 
dielectric) because the electric forces between charges on opposite 
plates are smaller. The capacitor can have a higher maximum 
operating voltage, allowing it to hold more charge. 


The work done, W = QAV, is the work done by an external agent, 
like a battery, to move a charge through a potential difference, AV. 
To determine the energy in a charged capacitor, we must add the 
work done to move bits of charge from one plate to the other. 
Initially, there is no potential difference between the plates of an 
uncharged capacitor. As more charge is transferred from one plate to 
the other, the potential difference increases, meaning that more work 
is needed to transfer each additional bit of charge. The total work is 


given by W - —QAV. Another explanation is that the charge Q is 


moved through an average potential difference — AV, requiring total 

work 1/1/ = —QAV. 

2 


*CQ26.6 The potential difference must decrease. Since there is no external 

power supply, the charge on the capacitor, Q , will remain constant— 
that is, assuming that the resistance of the meter is sufficiently large. 
Adding a dielectric increases the capacitance, which must therefore 
decrease the potential difference between the plates. 
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CQ26.7 


CQ26.8 


A capacitor stores energy in the electric field between the plates. This 
is most easily seen when using a "dissectible" capacitor. If the 
capacitor is charged, carefully pull it apart into its component pieces. 
One will find that very little residual charge remains on each plate. 
When reassembled, the capacitor is suddenly "recharged"—by 
induction—due to the electric field set up and "stored" in the 
dielectric. This proves to be an instructive classroom demonstration, 
especially when you ask a student to reconstruct the capacitor 
without supplying him/her with any rubber gloves or other 
insulating material. (Of course, this is dfter they sign a liability 
waiver.) 


The work you do to pull the plates apart becomes additional electric 
potential energy stored in the capacitor. The charge is constant and 
the capacitance decreases but the potential difference increases to 


drive up the potential energy — QAV. The electric field between the 


plates is constant in strength but fills more volume as you pull the 
plates apart. 


IOLUTIONS TO END-OF-CHAPTER PROBLEMS 


Section 20.1 

Definition of Capacitance 

P26.1 

(a) 

From Equation 26.1 for the definition of capacitance, C = we 



have 



A V-°- 27 '° - |9.00V | 

C 3.00 pY 1 - 1 


(b) 

Similarly, 



AV - 36 ‘° — 112.0 V| 

C 3.00 jUF 1 - 1 

P26.2 

(a) 

c _Q = 10.0xl0 C =1.00 x 10“ 6 F — 1 1.00 jUF 

AV 10.0 V 1 - 1 

) 2014 Cengage Learning 

(b) 

All Rights 

AV = ® = 100 x 10/ C _r^QQyn 

C 1.00x10“ 6 F 1 - 1 

i Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 




Chapter 26 157 


P26.3 


(a) Q =CAV =(4.00 x 1(T 6 f)( 12.0 V) =4.80 x 10“ 5 C = | 48.0 pC 

(b) Q =CAV =(4.00 x 10“ 6 F)(1.50 V) =6.00 x 10" 6 C = | 6.00 pC 


Section 26.2 Calculating Capacitance 

P26.4 (a) For a spherical capacitor with inner radius a and outer radius b, 

c _ ab _ (0.070 0 m)(0.140m) 

~k e [b- a) ~(8.99xl0 9 N-m 2 /C 2 )(0.140 m-0.070 0 m) 

= |~ 15.6 pF | 


(b) 


Al/ Q 4.00 x 10- 6 C 
C- 1.56 xl0- n F 


2.57x10 s V = |257kV| 


P26.5 


P26.6 


(a) The capacitance of a cylindrical capacitor is 
„ £ 


2k e ]n[b/a) 

_ _ 50.0 m _ 

_ 2(8.99 xlO 9 N-m 2 /C 2 )ln(7.27 mm/2.58 mm) 

= | 2.68 nF | 


(b) Method 1: A\/ = 2k e Aln(^ 


, Q 8.10x10^ C __ in _ 7 

A = — =-= 1.62 x 10 C/m 

t 50.0 m ' 

AV =2(8.99xlO 9 N-m7C 2 )(l.62xl0“ 7 C/m)ln 

41-02 kin 


7.27 mm ^| 
2.58 mm J 


Method 2: 


AV = 


0 

c 


8.10xlO' 6 C 
2.68xlO' 9 F 


| 3.02 kV | 


(a) 


^_kg 0 A _(l.00)(8.85xl0" 12 C 2 / N • m 2 )(l.00 x 10 3 m) 2 
d 800 m 

= | 11.1 nF] 
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P26.7 


P26.8 


P26.9 


(b) The potential between ground and cloud is 

AV =Ed =(3.00 x 10 6 N/C)(800 m) =2.40 x 10 9 V 
Q =C[AV) =(ll.l x 10“ 9 C / V)(2.40 x 10 9 V) = | 26.6 C | 
We have Q = CAV and C =e 0 A / d. Thus, Q = e 0 AAV/d 


The surface charge density on each plate has the same magnitude, given 
by 


Thus, 


g 0 .goAV 

A d 


_ e 0 AV _ (8.85 x 10“ 12 C 2 /N • m 2 )(150 V) 
~~QJA (30.0xlO' 9 C/cm 2 ) 


d = 4.43 x 10' 2 


,- 2 VC-cm 2 Wlm 2 ) j Nm _^- 


N- m 2 




VC J 


.43 jum 


(a) 


c _k e 0 A _(l.00)(8.85xl0 -12 C 2 /N-m 2 )(2.30xl0“ 4 m 2 ) 
d 1.50x10 3 m 

=1.36 x IQ' 12 F= ^36 pF| 

(b) Q =CAV =(l.36 P F)(12.0 V) = |16.3 pC| 

12.0 V 


= 8.00xlO 3 V/m 


, , c AV 

(c) E =-= , 

d 1.50 x 10“ 3 m - 

(a) The potential difference between two points in a uniform electric 
field is AV = Ed, so 

£ _AV_ 20.0 V 

d ~ 1.80xlO" 3 m“ 


<10 4 V/m | 


(b) The electric field between capacitor plates is E = —, so cr = e 0 E: 

G o 

a =(8.85 x 10' 12 C 2 /N■ m 2 )(l.ll x 10 4 V/m) =9.83x 10" 8 C/m 2 
= | 98.3 nC/m 2 ] 
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P26.10 


P26.ll 


G A 

(c) For a parallel-plate capacitor, C = — : 

n _(8.85xl0“ 12 C'/N-m^lzeOxlO- 4 m 2 ) 

1.80 xl0“ 3 m 

=3.74 xlO~ 12 F= |3.74pF| 

(d) The charge on each plate is Q = CAV: 

Q =(3.74xl0" 12 F)(20.0 V) = | 74.7 pC | 

With 0 = n, the plates are out of mesh and the 
overlap area is zero. With 0=0, the overlap area is 
kR 2 

that of a semi-circle^ . By proportion, the 
2 

effective area of a single sheet of charge is 
(n-O)R 2 

2 ANS. FIG. P26.10 

When there are two plates in each comb, the number of adjoining 
sheets of positive and negative charge is 3, as shown in the sketch. 
When there are N plates on each comb, the number of parallel 
capacitors is 2 N -1 and the total capacitance is 

C =(2 N - i neffective _ (2/V - l)e 0 [n-0)R 2 /2 
distance d/2 

I [2N -l)e 0 [n-Q)R 2 
d 



(a) The electric field outside a spherical charge distribution of radius 
R is E = k e q/r 2 . Therefore, 


_ Er 2 _(4.90xl0 4 N/c)(0.210 m) 2 

8.99 xlO 9 N ■ m 2 / C 2 


=0.240 pC 


Then 


_Q _0.240x 10~ 6 C 

A 4tt (0.120 m) 2 


1.33 /jC/m 2 


(b) For an isolated charged sphere of radius R , 

C =4n e 0 r =4n (8.85 x 10~ 12 C 2 /N • m 2 )(0.120 m) = | 13.3 pF | 
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P26.12 £F y = 0: Tcos0-mg = 0 
X F x = 0: Tsmd- Eq=0 
Eq 

Dividing, tand = —, 

mg 


so E = -^tan0 

Q 


and 


AV 


= Ed = 


mgd tan 6 

q 


Section 26.3 Combinations of Capacitors 

P26.13 (a) Capacitors in parallel add. Thus, the equivalent capacitor has a 

value of 


C eq =Cj +C 2 =5.00 /iF +12.0 /UF = | 17.0 jUF | 

(b) The potential difference across each branch is the same and equal 
to the voltage of the battery. 

AV = \ 9.00 V | 

(c) 0 5 =CAV =(5.00 jUF)(9.00 V) = | 45.0 pC \ 

Q n =CAV =(l2.0 jUF)(9.00 V) = | 108 pC \ 

P26.14 (a) In series capacitors add as 

+=+ + +=^ + -*- 

Q, C, C 2 5.00 fJF 12.0 IJF 

C^ = | 3.53 JF] 


(c) We must answer part (c) first before we can answer part (b). The 
charge on the equivalent capacitor is 

Q eq =C eq A\/ =(3.53 juF)(9.00 V) =31.8 juC 

Each of the series capacitors has this same charge on it. 

So Q 1 =Q 2 =| 31.8 juC |. 
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P26.15 


P26.16 


P26.17 


(b) The potential difference across each is 

AV r = 3L8 ^ C =1 6.35 V I 
1 Q 5.00 ;UF I-1 


A \/ 2 =^ =1 2.65 V | 


12.0 )UF 

(a) When connected in series, the equivalent capacitance is 

i 

c eq Cl C 2 '° r 


1 


1 


1 


>C eq = ^8l7^ 


C eq Q C 2 4.20 JUF 8.50 jliF 
(b) When connected in parallel, the equivalent capacitance is 
C eq =Q +C 2 =4.20 /iF +8.50 pF = | 12.70 g| : 

(a) When connected in series, the equivalent capacitance is 

j_ Jk&i. 
c eq q q' or 


1 1 


1 


1 


1 


Cj q 2.50 jUF 6.25 jUF 


>q q =1.79)UF 


Capacitors in series carry the same charge as their equivalent 
capacitance: 

Q =C eq ( AV ) =(l.79 jUF)(6.00 V) = |10.7 /jC| on each capacitor 

(b) When connected in parallel, each capacitor has the same potential 
difference across it. The charge stored on each capacitor is then 

For q =2.50 jUF: Q, =q [AV) =(2.50 )UF)(6.00 V) = |15.0 jUC| 

For C 2 =6.25 jUF: Q 2 =C 2 [AV) =(6.25 )UF)(6.00 V) =|37.5 jUC| 


(a) In | series | , to reduce the effective capacitance: 
1 1111 


32.0 juF 34.8 pF C s C s 32.0 pF 34.8 pF 


> C s = 398 pF 
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P26.18 


P26.19 


(b) In | parallel j , to increase the total capacitance: 


29.8 pF +C p =32.0 pF 
C4= [2.20/JF 

The capacitance of the combination of extra capacitors must be 
jC - C = | C. The possible combinations are: one capacitor: C; two 

capacitors: 2C or ^C; three capacitors: 3C, |C, |C or |C. None of 
these is |C, so the desired capacitance cannot be achieved. 


(a) The equivalent capacitance of the series combination in the upper 
branch is 


Qpper Q C 2 


"3.00 pF + 6.00 /JF Cupper 2 ‘°° ^ 


Likewise, the equivalent capacitance of the series combination in 
the lower branch is 


1 


1 


Q C 2 2.00 pF 4.00 pF 


=1.33 pF 


These two equivalent capacitances are connected in parallel with 
each other, so the equivalent capacitance for the entire circuit is 

=2.00 pF +1.33 pF = |3.33 pF\ 


(b) Note that the same potential difference, equal to the potential 
difference of the battery, exists across both the upper and lower 
branches. Each of the capacitors in series combination holds the 
same charge as that on the equivalent capacitor. For the upper 
branch: 

0, =Q 6 =0^ =c w (AV) =(2.00 pF)(90.0 V) =180 pC s 
so, 1180 /iC on the 3.00-/IF and the 6.00-/JF capacitors 
For the lower branch: 

Q 2 =0 4 =Q lower =C lower (A\/) =(l.33 )UF)(90.0 V) =120 pC 
so, 1120 pC on the 2.00-juF and 4.00-juF capacitors | 
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P26.20 


(c) The potential difference across each of the capacitors in the circuit 


AV 2 = 12 °l jC =[600^ 

2 C 2 2.00 juF 1 - 1 

a\/, = 180/jC =|60.0 V| 

3 C 3 3.00 pF 1 - 1 


160.0 V across the 3.00-/iF and the 2.00-pF capacitors) 

AV„ = 12Q/JC =|30.0 V| 

4 C 4 4.00 /iF 1 - 1 


_0 6 _ 180 pC 


= |30.0 V| 


6 C 6 6.00 pF 

130.0 V across the 6.00-pF and the 4.00-pF capacitors) 

(a) Capacitors 2 and 3 are in parallel and present equivalent 

capacitance 6C. This is in series with capacitor 1, so the battery 


s capacitance i = | 2C | . 


(b) If they were initially uncharged, Cj stores the same charge as C 2 
and C 3 together. With greater capacitance, C 3 stores more charge 
than C 2 . Then Q , > Q 3 > Q 2 | . 

(c) The (C 2 1| C 3 ) equivalent capacitor stores the same charge as C r 
Since it has greater capacitance, AV = ^ implies that it has 
smaller potential difference across it than C r In parallel with each 
other, C 2 and C 3 have equal voltages: | A\Z, >AV 2 =AV 3 | . 

(d) If C 3 is increased, the overall equivalent capacitance increases. 
More charge moves through the battery and Q increases. As Al^ 
increases, AV 2 must decrease so Q 2 decreases. Then 0 3 must 
increase even more: | Q 3 and Q t increase; Q 2 decreases | . 


P26.21 Call C the capacitance of one capacitor and n the number of capacitors. 
The equivalent capacitance for n capacitors in parallel is 


C p - Ci + C 2 + • • • + C n — nC 
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P26.22 


The relationship for n capacitors in series is 

± = + + + + ... + A = ii 

c. c, c 2 c„ c 


Therefore, 


% = T^ = rf or n = Vc p /c s = Vioo = [lo] 


(a) In the upper section, each C ,-C 2 pair, on either 
side of C 3 , are in series: 

C s =[ ——I—— ) =3.33 juF 
s 15.00 10.0 J 

and both C 1 -C 2 pairs are in parallel to C 3 : 


Ci f Cj 

i-Tri 


T = 2(3.33)+ 2.00 = 8.67 ,uF 


ANS. FIG. P26.22 


In the lower section, the C 2 -C 2 pair are in parallel: 

Qower =2(10.0) =20.0 pV 

The upper section is in series with the lower section: 


18.67 20.0 ) 


6.05 jUF 


(b) Capacitors in series carry the same charge as their equivalent 
capacitor; therefore, the upper section, equivalent to a 8.67-jL/F 
capacitor, and the lower section, equivalent to a 20.0-jLiF capacitor, 
carry the same charge as a 6.05-jL/F capacitor: 

=0«, =C„A\/ =(6.05 /JF)(60.0 V)= 363 /l C 

The upper section is equivalent to capacitor C 3 and two 3.33-jl/F 
capacitors in parallel, and the voltage across each is the same as 
that across a 8.67-jl/F capacitor: 

0 eq 363 pC 


A\7„„ 


— 41.9 V 


C eq 8.67 pF 
Therefore, the charge on C 3 is 

0 3 =C 3 AV 3 - (2.00 pF){ 41.9 V) = |83.7 pC\ 
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P26.23 (a) We simplify the circuit of Figure P26.23 in three steps as shown in 

ANS. FIG. P26.23 panels (a), (b), and (c). First, the 15.0-jLiF and 
3.00-jLiF capacitors in series are equivalent to 


1 

(1/15.0 juF) +(1/3.00 juF) 


= 2.50 jJF 


Next, the 2.50-jliF capacitor combines 
in parallel with the 6.00-jliF capacitor, 
creating an equivalent capacitance of 
8.50 jliF. At last, this 8.50-jtiF equivalent 
capacitor and the 20.0-jliF capacitor are 
in series, equivalent to 

(1/8.50 jUF) +11/20.00 pF) = \ 536 J^i 

(b) We find the charge on each capacitor 
and the voltage across each by working 
backwards through solution figures 
(c)-(a), alternately applying Q = CAV 
and A V = Q / C to every capacitor, real 
or equivalent. For the 5.96-jLiF capacitor, 
we have 

Q =CAV =(5.96/iF)(l5.0V) 

= | 89.5 juC | 



6.0 pF 

(a) 


a 


b 


8.5 p F 20 ixF 

(b) 


\\ 


b 


5.96 ix F 

(c) 

ANS. FIG. P26.23 


Thus, if a is higher in potential than b, just 89.5 jLiC flows between 
the wires and the plates to charge the capacitors in each picture. In 
(b) we have, for the 8.5-jLiF capacitor. 


_Q _ 89.5 /jC 
C 8.50 juF 


=10.5 V 


and for the 20.0-jL/F capacitor in (b), (a), and the original circuit, we 
have Q 20 = 89.5 jlC. Then 


A\4 


= 0 

c 


89.5 fjC 
20.0 pF 


=4.47 V 


Next, the circuit in diagram (a) is equivalent to that in (b), so 
AVa, = 4.47 V and AV X = 10.5 V. 


For the 2.50-jliF capacitor, AV = 10.5 V and 
Q =CAV =(2.50 jUF)(l0.5 V) = |26.3 )UC| 
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For the 6.00-jL/F capacitor, AV = 10.5 V and 
0 6 = CAV = (6.00 jLiF)(10.5 V) = | 63.2 pC \ 

Now, 26.3 jL/C having flowed in the upper parallel branch in (a), 
back in the original circuit we have Q 15 = 26.3 jL/C and 
Q 3 = 26.3 jl/C. 

P26.24 (a) C = -9 ^. When S , is closed, the charge on C, 

will be 

0 =CAV =(6.00 jUF)(20.0 V) = |120 pC\ 

(b) When S, is opened and S 2 is closed, the total ANS. FIG. P26.24 
charge will remain constant and be shared by 
the two capacitors. We let primed symbols represent the new 
charges on the capacitors, in Q' =120 pC- O'. The potential 
differences across the two capacitors will be equal. 




= 91 

c 2 


or 


120 pC-Q' 2 Q' 2 
6.00 jUF 3.00 jUF 


Then we do the algebra to find 


Q' 2 =— jUC =1 40.0 jUC I 
2 9.00 1 -— J 


P26.25 C s 


and Q[ =120 jUC-40.0 pC = |80.0 jLiC| . 

=f — +—) =2.92 jUF 
1,5.00 7.00 J 


C p =2.92 +4.00 +6.00 = | 12.9 pF \ 

(a) First, we replace the parallel combination 
between points b and c by its equivalent 
capacitance, 

C bc =2.00 jLiF +6.00 jUF =8.00 pF. 

Then, we have three capacitors in 
series between points a and d. The 
equivalent capacitance for this 
circuit is therefore 



ANS. FIG. P26.25 


6.00 iuF 

f— 1 — 9 nn nC — 1 —a 


1 

CL 




C cd 8.00 jUF 


9.00 V 

ANS. FIG. P26.26 
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P26.27 


giving 

(b) The charge on each capacitor in the series is the same as the 
charge on the equivalent capacitor: 

0,b =0k. =<?«, =c„( Al/J =(2.67 MF)(9.00 V) =24.0 pC 


„ , ... Ok. 24.0 UC 

Then, note that AV b =—- =- : 

bc C bc 8.00 pF 

capacitor in the original circuit is: 

On the 8.00 jL/F between a and b: 

Q 8 =Q ah =124.0 jLiCl 


=3.00 V. The charge on each 


On the 8.00 jL/F between c and d: 

Q 8 =O d = |24.0 juc| 


On the 2.00 jL/F between b and c: 

Q 2 =C 2 [AV bc ) =(2.00 juF)(3.00 V) = |6.00 yuC| 

On the 6.00 jL/F between b and c: 

0 6 =C 6 [AV bc ) =(6.00 juF)(3.00 V) = |18.0 juC| 

(c) We earlier found that A\/ bc = 3.00 V. The two 8.00 jt/F capacitors 

O 24.0 L/C 

have the same voltage: A\/„ = A\A =— =— : -=3.00 V, so we 

6 8 8 C 8.00 jUF 

conclude that the potential difference across each capacitor is the 
same: A\/ 8 = A\/ 2 = AV 6 = AV 8 - |3.00 V| . 


C p = Cj + C 2 and =^~ +-^~. Substitute C 2 = C p - C{. 


1 _1 1 _C P -C 1+ Q 

C s C, C„-C, C,(C„-C,) 


Simplifying, 

Cl-C 1 C p +C p C s = 0 


Ll 2 2 P- V4 p P 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 



168 Capacitance and Dielectrics 


We choose arbitrarily the + sign. (This choice can be arbitrary, since 
with the case of the minus sign, we would get the same two answers 
with their names interchanged.) 

Ci= i c <’h/i c '- c ' A 

=i(9.00 pF) +^1(9.00 pF) 2 - <9.00 P f)(2.00 p f) 

= [ 6.00 pF | 

q=c p -c,=ic p -^-c p c s 

=^(9.00 pF)-1.50 pF = | 3.00 pF | 

P26.28 C n = C,+C ? and — =—+—. 

p 1 2 C s Q C 2 

Substitute 

C 2 = C P -C { . 



Simplifying, 

C\ - QC p +C p C s =0 


and 


C, = 


Kh/i' 


CI-CC 


where the positive sign was arbitrarily chosen (choosing the negative 
sign gives the same values for the capacitances, with the names 
reversed). Then, from C 2 = C p - C v we obtain 


C,= 




P26.29 For Cj connected by itself, QAl/ =30.8 yL/C where A\/ is the battery 

, A1/ 30.8 yuC 

voltage: Av =——-. 


For C , and C 2 in series: 

r i 


U/Q +i/C 2 


Al/ =23.1 juC 
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, 30.8 pC 23.1 pC 23.1 pC , , „ „„„„ 

substituting, ——-=——-+——- which gives C , = 0.333C 2 

For C , and C 3 in series: 


l/C, 


-i_V=: 

i + 1 /qJ 


Q 


For all three: 

0=1 


1 


25.2 pC 


AV = 


which gives C , = 0.222C 3 

QA\/ 


l/C, +1/C 2 +1/C 3 J 1 +C,/C 2 +C I /C 3 

= ! ^ 3^.222 

This is the charge on each one of the three. 


Section 26.4 Energy Stored in a Charged Capacitor 

P26.30 From U F = -CAV 2 , we have 
2 


Al/ Wl I 2(300J) I-7- 1 

11T = v 30.0 x 1CT 6 F H 447x10 V I 
P26.31 The energy stored in the capacitor is given by 

U E =^ =^QAV =|(54.0xl0^ c)(l2.0 V) = [3.24xl0~ 4 j| 
P26.32 (a) U E =|c( AV) 2 =^(3.00 juF)(l2.0 V) 2 = | 216 p) \ 


( b ) U e =^C{AVf =^(3.00 juF)(6.00 V) 2 = | 54.0 p] \ 

P26.33 (a) Q =CAV =(l50 x 10" 12 f)(i 0x 10 3 v) =1.50 x 10“ 6 C =| 1.50 pC \ 


(b) From U E =^C[AVf, 


AV = 


^(77 _ /2(250xl0- 6 j) 
150 xlO" 12 F 


=1.83 xlO 3 V =1 1.83 kV I 
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P26.34 


(a) The equivalent capacitance of a series combination of C , and C 2 is 


1 


1 


1 


1 


Q q 18.0 jUF 36.0 jUF 


>g q =|l2.0AtF| 


(b) This series combination is connected to a 12.0-V battery, the total 
stored energy is 

U £ ,„ =^(AVf =i(l2.0xl0-‘ f)(12.0 Vf H8.64XKT 4 j| 


(c) Capacitors in series carry the same charge as their equivalent 
capacitor. The charge stored on each of the two capacitors in the 
series combination is 


0, =0 2 =<?»,., =C„(A\2Hl2.0 /JF)(12.0 V) 
=144 pC =1.44 xlO -4 C 


and the energy stored in each of the individual capacitors is: 


18.0 jL/F capacitor: 

_Q\ _(l.44xl0 -4 c) 2 
E1 _ 2q _ 2(l8.0xl0" 6 F) 


\5.76xl0~ 4 j| 


36.0 jL/F capacitor: 

U _Ol _(l.44xlQ-»c) 2 

E2 2C 2 2(36.0x10' 6 F) 


=| 2.88 x IQ- 4 j] 


(d) 

U E i -UJ E2 =5.76x 10" 4 J +2.88 x 10 -4 J =8.64x 10" 4 J =U E eq , 
which is one reason why the 12.0 jt/F capacitor is considered 
to be equivalent to the two capacitors. 





(e) 

The total energy of the equivalent capacitance will always equal 
the sum of the energies stored in the individual capacitors. 


(f) If q and C 2 were connected in parallel rather than in series, the 
equivalent capacitance would be C eq = C 1 + C 2 = 18.0 jL/F + 36.0 jL/F 
= 54.0 jL/F. If the total energy stored in this parallel combination is 
to be the same as stored in the original series combination, it is 
necessary that 

ic^AW =U E 
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P26.35 


P26.36 


From which we obtain 



_ /2(8.64XHT 4 j) 
1 54.0 xHT 6 F 


= | 5.66 V | 


(g) 

(a) 


(b) 


Because the potential difference is the same across the two 
capacitors when connected in parallel, and U E =^C( AV f , 
[the larger capacitor C 2 stores more energy.| 

Because the capacitors are connected in parallel, their voltage 
remains the same: 

U E =^C{AVf +|c(A Vf =C{AVf 

=(l0.0xl0” 6 )UF)(50.0 V) 2 

= [z50x 10~ 2 j| 

Because C = KG ^ and d —> 2d, the altered capacitor has new 
capacitance to C' = ^. The total charge is the same as before: 


^ initial Q final 

C[AV) +C( AV) =C( AV') +^{AV') 

2C[AV)=^C[AV') AV' =^AV =|(50.0 V) = [66.7 V| 

(c) New U' E =±C(AV'Y +i^c](Ai/') 2 =^C(AV'Y =| C (^J 
U' E =|c( AV ) 2 =^U E =|(2.50xl0" 2 j) = |3.30x 10 ~ 2 j| 


(d) [Positive work is done by the agent pulling the plates apart. | 

Before the capacitors are connected, each has voltage AV and charge Q. 

(a) Connecting plates of like sign places the capacitors in parallel, so 
the voltage on each capacitor remains the same. 

U E ,», =fc( AVf +\c(AVY = |c(av) 2 | 
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P26.37 


G A 

(b) Because C = ■ , the altered capacitor has new capacitance 

e A C 

C' = ^ and this change in capacitance results in a new 

potential difference AV" across the parallel capacitors. We can 
solve for the new potential difference because the total charge 
remains the same: 


2 Q =C[AV)+C[AV)=C[AV')+^(AV') 
(c) Each capacitor has potential difference AV': 


AV' 


AAV 


4c(^') 2 ^c(AV'f J )(if; 


=fc( AVf 


P-4 


(d) [Positive work is done by the agent pulling the plates apart. | 

(a) The circuit diagram for capacitors connected I I I 

• ,11. 1 • a xto T7T/- 07/ \ IlOO V I 25.0 5.00 

m parallel is shown m ANS. FIG. P26.37(a). -±- zb 


(b) U E =^C(AVf r and 

C p =Q +C 2 =25.0 pF +5.00 pF 
=30.0 pF 

U E =—(30.0x 10 -6 )(100) 2 = | 0.150 J | 


ljlit 

ANS. FIG. P26.37(a) 


— + - 

pF 5.00 pF 


U E =±C(AVf 

(d) The circuit diagram for capacitors 
connected in series is shown in ANS. 
FIG. P26.37(d). 


=4.17 pF 


J~25.0 
j5.00 , 


5.0 pF 
5.00 juF 

ANS. FIG. P26.37(d) 
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P26.38 


P26.39 


P26.40 


To prove this, we follow the hint, and calculate the work done in 
separating the plates, which equals the potential energy stored in the 
charged capacitor: 

u *=££=/** 

Now from the fundamental theorem of calculus, dil E = Fdx 

and f = ^ U£= 's<{jc) = 1's<{aijx]- 

Performing the differentiation, 

F = 

The energy transferred is 

T et m^QAV =^(50.0 C)(l.00x 10 8 v) = 2.50xlO 9 J 

and 1% of this (or AE int = 2.50 x 10 7 J) is absorbed by the tree. If m is 
the amount of water boiled away, then 

AF, nt =m(4186 J/kg- °C)(100°C-30.0°C) 

+m(2.26xl0 6 J/kg) 

=2.50xlO 7 J 


( 0 2 x~l 

o 2 


2e 0 A 


giving m = 9.79 kg 


(a) According to Equation 26.2, we may think of a sphere of radius R 

ft 

that holds charge Q as having a capacitance C = —. The energy 

k e 

stored is 


if R" 

f M T= 

k e Q 2 

"AXeJ 

l R J 

2 R 


(b) The total energy is 


U E =U E1 +U t 


= Ii +Ii =I_^L 11 (Q-q \) 2 

’ 2 Q 2 C 2 2R Jk e 2 R 2 /k e 


M | Mo-q) 2 

2R, 2R, 
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P26.41 


dU 

(c) For a minimum we set —= 0: 

dq l 

2j^ + 2>c e (0-q) 

2Rj 2R 2 
which gives 

R 2 q =R 1 Q-R 1 q l 

(d) q =Q - q =f 


q = 




Rj +R 2 


r 2 o 


R 1 +R 2 


(e) i/ 1= M = W? 

w 1 R, R^Rj +r 2 ) 

y = M = fee* 

2 R 2 R 2 (Ri +R 2 ) 

(f) ^-^ = 0 


_ KQ 

R x +R 2 


and 


w-~AP_ 

2 R 1 +R 2 


G A 

Originally, the capacitance of each pair of plates is C = 0 , , but after 

d 

the switch is closed and the distance d is changed to d' = 0.500 d, the 
plates have new capacitance 

o A _ g 0 A _ 2 e 0 A 

df d/2 d 


C' = - 


- = 2C 


The capacitors are identical and in series, so each has half the total 
voltage (A\/) = 100 V. 

(a) The plates are in series, so each collects the same charge: 

Q =C'( AV) =2C(AV) =2(2.00 /XI)(100 V) = | 400 pC \ 

(b) Each plate contributes half of the total electric field between the 

plates, ^ ^ , where Q =2C (AV) is the magnitude of 

2 2c 0 2 (= 0 A 

the charge on a plate, from (a) above. The electric force that each 
plate exerts on the charge of its neighboring plate is 

f _ 0 E_ Q 2 _ [2C(AV)] 2 ^ 2C 2 (AVf _ 2C(AVf 
2 2 e 0 A 2e 0 A (e 0 A/d)d d 

and this force is balanced by the spring force F = kx on each plate. 
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Each spring stretches by distance x=-,sowe obtain 

2C(A\/) 2 d 

d 4 

and solving for the force constant gives 

k _8C{AVf _8(2.00xl0- 6 f)(100 V) 2 
d 2 (8.00 xl0“ 3 m) 2 


=| 2.50 kN/ m | 


Section 26.5 Capacitors with Dielectrics 

P26.42 (a) Consider two sheets of aluminum foil, each 40 cm by 100 cm, with 

one sheet of plastic between them. 


(b) Suppose the plastic has k ~ 3, E mi 
2.54 cm 


-10 7 V/m, and thickness 


Then, 


c _kg 0 A 3(8.85 x HE 12 C 2 / N • m 2 )(o.400 m 2 ) 


2.54 xlO' 5 m 


|10~ 6 F| 


(c) A\/ max =E max d~ (lO 7 V/m)(2.54 x 10“ 5 m) ~ | 10 2 V 


P26.43 Q max = CAV max , but A\/ max = E max d. 


Also, 

Thus, 


C = 


d ' 


C max 


A £ o A 

d 


(E m d)=K S ,AE m . 


(a) With air between the plates, from Table 26.1, the dielectric 
constant is k= 1.00, and the dielectric strength is 
E max = 3.00 x 10 6 V/m. Therefore, 


o max 


=K£ 0 AE max 

=(8.85 xl0~ 12 F/m)(5.00 x 10 -4 m 2 )(3.00xl0 6 V/m) 
= | 13.3 nC | 
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P26.44 


P26.45 


(b) With polystyrene between the plates, from Table 26.1, jc= 2.56 
and E max = 24.0 x 10 6 V/m. 


Q max =K£ (i AE max 

=2.56(8.85 xl0“ 12 F/mjls.OOxlO" 4 m 2 ) 

x(24.0xl0 6 V/m) 

= | 272 nC~| 


(a) Note that the charge on the plates remains constant at the original 
value, Q 0 , as the dielectric is inserted. Thus, the change in the 
potential difference, AV = Q / C, is due to a change in capacitance 
alone. The ratio of the final and initial capacitances is 

c f _ Ke 0 A/d _ jc 
Cj £ 0 A/d 


C f _Q 0 /[AV) f _{AV). _85.0 V 
C, ~O 0 /(AV) i ~[AV) f ~25.0 


Thus, the dielectric constant of the inserted material is |k = 3.40| 
(b) The material is probably |nylon | (see Table 26.1). 


(c) 


(a) 


The presence of a dielectric weakens the field between plates, and 
the weaker field, for the same charge on the plates, results in a 
smaller potential difference. If the dielectric only partially filled 
the space between the plates, the field is weakened only within 
the dielectric and not in the remaining air-filled space, so the 
potential difference would not be as small. [The voltage would lie| 
Somewhere between 25.0 V and 85.0 V.| 


C 


d 


2.1o(8.85x 10“ 12 F/ m )(l.75 x 10 -4 m 2 ) 
4.00x10 5 m 


=8.13 x 10“ n F 


=| 81.3 pF | 


(b) A\/ max =E max d =(60.0 x 10 6 V/m)(4.00 x 10" 5 m) = | 2.40 kV 
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P26.46 


P26.47 


ANS. FIG. P26.46 exaggerates how the 
strips can be offset to avoid contact 
between the two foils. It shows how a 
second paper strip can be used to roll the 
capacitor into a convenient cylindrical 
shape with electrical contacts at the two 
ends. We suppose that the overlapping 
width of the two metallic strips is still 
1 / 1 / = 7.00 cm. Then for the area of the plates 
we have A = tw in C = KG 0 A/d= kg 0 iw/d. 
Solving the equation gives 



ANS. FIG. P26.46 


Cd (9.50 x IQ" 8 F)(2.50xlQ- 5 m) 

“ kg 0 w ~ 3.70(8.85 x 10“ 12 C 2 /N • m 2 )(0.070 0 m) 


Originally, 


C, 


A* _ 0 

d (AV \' 


(a) The charge is the same before and after immersion, with value 

0= cMv);^i" 

d 


0 = 


(8.85 xl0‘ 12 C 2 / N-m 2 )(25.0 x 10 -4 m 2 )(250 V) 


1.50 xlO" 2 m 


= 369 pC 


(b) Finally, 

^ _ kg o A _ 0 

f ~ r d’ (AV) f - 


_(80)(8.85x 10 12 C 2 /N-m 2 )(25.0xl0“ 4 m 2 ) 

f i cn i n-2 „ 


J , A1 „ 0 C, AV, e a A/d) , A|/ , AV\ 

and [AV) f =— = - — r AAV) i = - 

C f C f [KG 0 A/d ) K 

= |3.10 V~1 

(c) Originally, U, =^C,( AV)* =——^. 


250 V 
80 


Finally, 



2 ck 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly; 


sible website, in whole or in part. 




















178 Capacitance and Dielectrics 


P26.48 


P26.49 


where, from Table 26.1, k= 80 for distilled water. So, 


Alt =U f -U i 

_ e 0 A(AV)> e 0 A(AV) 2 
2 ck 2d 

_ e 0 A[AV) 1 i fl \ _ g 0 A(AV) 2 (1-k) 

2d U J 2 ck 

a<j _(8.85x 10 -12 C 2 /N• m 2 )(25.0x 1CT 4 m 2 )(250 V) 2 (l-80) 

” 2(l.50 x 10“ 2 m)(80) 

=-Al.55 x 10~ 8 J = |-45.5 nj| 


The given combination of capacitors is equivalent to the circuit 
diagram shown in ANS. FIG. P26.48. 

A B c D 


40 juF 10 n F 40 fjF 




ANS. FIG. P26.48 


Put charge Q on point >4. Then, 

Q =(40.0 pF)AV AB =(l0.0 pF)AV BC =(40.0 pF)AV CD 

So, AV bc = 4iAV ab = 4AV cd , and the center capacitor will break down 
first, at AV BC = 15.0 V. When this occurs, 

AV 4B =AV cd =^<A\/ bc ) =3.75 V 

and V AD =V AB +V BC +V CD =3.75 V +15.0 V +3.75 V =| 22.5 V |. 


(a) We use the equation U E = Q 2 /2C to find the potential energy of 
the capacitor. As we will see, the potential difference AV changes 
as the dielectric is withdrawn. The initial and final energies are 

O 2 O 2 

U E i = and U E f - ~^r- But the initial capacitance (with the 


dielectric) is C j = KC f . Therefore, U E f = /c-^r = kU e ! . Since the 

work done by the external force in removing the dielectric equals 
the change in potential energy, we have 


W=U f -U j =KU i -U j =(k-1)U i =(k- l) 


9l 

2 C ( . 
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To express this relation in terms of potential difference AV jr we 
substitute Q =C j (AV j ), and evaluate: 

I/I / =|c f . (AV, ) 2 [k- 1) =^(2.00 x 10~ 9 F)(100 V) 2 (5.00-1.00) 
=4.00 x 10~ 5 J = | 40.0 jL/J | 

The positive result confirms that the final energy of the capacitor 
is greater than the initial energy. The extra energy comes from the 
work done on the system by the external force that pulled out the 
dielectric. 

(b) The final potential difference across the capacitor is AV f = ^~. 


Substituting C f = — and Q =C j (a\/) gives 

AV f = kAV i = 5.00(100 V) = 1500 jlI ; 

Even though the capacitor is isolated and its charge remains 
constant, the potential difference across the plates does increase 
in this case. 


Section 26.6 Electric Dipole in an Electric Field 
P26.50 (a) The displacement from negative to positive charge is 

2a =(-1.20i +1.10 j) mm - (l.40i -1.30 j ) mm 
=(-2.60i +2.40j) x 10“ 3 m 
The electric dipole moment is p = 2aQ 

p =(3.50xl0~ 9 c)(-2.60i +2.40j)xl0~ 3 m 
= (—9.10i +8.40j)xl0“ 12 C-m 

(b) The torque exerted by the field on the dipole is 
f =pxE 

=[(-9.10i+8.40j)xl0~ 12 C-m]x[(7.80i-4.90j)xl0 3 N/c] 
=(■344.6k-65.5k)xl0" 9 N-m = |-2.09xl0' 8 k N-m] 
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P26.51 


(c) Relative to zero energy when it is perpendicular to the field, the 
dipole has potential energy 

U =-pE 

=—[(—9.10i +8.40j)xl0~ 12 C m] 

- [(7.80i - 4.90 j ) x 10 3 N/c] 

=(71.0 +41.2)xl0 -9 J = | 112 nj| 

(d) For convenience we compute the magnitudes 

|p| =^(9.10) 2 +(8.40) 2 x 10~ 12 C • m =12.4 x 10" 12 C • m 
and |e| =-y/(7.80) 2 +(4.90 f xlO 3 N/C =9.21 xlO 3 N/C 

The maximum potential energy occurs when the dipole moment 
is opposite in direction to the field, and is 

U max = -p E = -|p||e|(-1) = |p||e| = 114 nj 

The minimum potential energy configuration is the stable 
equilibrium position with the dipole aligned with the field. The 
value is = -114 nj 

Then the difference, representing the range of potential energies 
available to the dipole, is U max -U^ = 1228 nj | . 


(a) The electric field produced by the line 
of charge has radial symmetry about 
the y axis. According to Equation 24.7 
in Example 24.4, the electric field to 
the right of the y axis is 

E =E{r) i =2k e —i 



ANS. FIG. P26.51 


Let x = 25.0 cm represent the 
coordinate of the center of the dipole 

charge, and let 2 a = 2.00 cm represent the distance between the 
charges. Then r_ = x- acosO is the coordinate of the negative 
charge and r + =x + acosO is the coordinate of the positive charge. 

The force on the positive charge is 

F, 


F + =qE(r + )i=q^2/c e ^ij =2k e - 


qa 
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P26.52 


and the force on the negative charge is 

F =-(f(r_)S =-</2<Al=-2fc f i 

^ r_ J x-acos6 


The force on the dipole is 


F =F + +F 

= 2 ^[ 

=2*Qqflj- 


= 2k ^ 2 k ^ 

{ e x+ac osO e x-ac osd 

—1-Mi 

x+acosd x-acosQ) 

[x- acos0)-(x+acos0)li 
x 2 +{acos6f J 1 


) 


4Ac e aq^lcos0 It 
x 2 +(acos0) 2 J 


Substituting numerical values and suppressing units, 

s _ 4(8.99xl0 9 )(0.010 0)(l0.0x 10“ 6 )(2.00x 1CT 6 )cos 35.0 o - 
(0.250) 2 + [(0.010 0)(cos35.0°)] 2 
= [~9.42xl0~ 2 i n ] 


Let x represent the coordinate of the negative charge. Then x +2acos0 
is the coordinate of the positive charge. The force on the negative 
charge is F =-qE(x)i . The force on the positive charge is 



ANS. FIG. P26.52 


The force on the dipole is altogether 


F =F +F =Q——(2acos0)i = 
dx 


at ~ 
p— cos 01 
dx 
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Section 26.7 An Atomic Description of Dielectrics 


(a) 


Consider a gaussian surface in the form of a cylindrical pillbox 
with ends of area A'« A parallel to the sheet. The side wall of 
the cylinder passes no flux of electric field since this surface is 
everywhere parallel to the field. Gauss's law becomes 


E = - 


2gA 


directed away from the 


(b) 


(c) 


(d) 


EA'+EA' =—A' r 

gA 

positive sheet. 

In the space between the sheets, each creates field ^ ^ away 

from the positive and toward the negative sheet. Together, they 
create a field of 


Assume that the field is in the positive X- direction. Then, the 
potential of the positive plate relative to the negative plate is 


+plate 4plate ~ 

AV =- | E ds=- J + 


L 0d 


Capacitance is defined by: C = = - 


0 

G A K G 0 A 

Qd/eA 

~d~ d 


Additional Problems 

P26.54 The stages for the reduction of this circuit are shown in ANS. FIG. 
P26.54 below. 



48.0 V 48.0 V 48.0 V 48.0 V 


ANS. FIG. P26.54 

Thus, C q = | 6.25 jUF | 
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P26.55 


P26.56 


(a) Each face of P 2 carries charge, so the three-plate system is 
equivalent to what is shown in ANS. FIG. P26.55 below. 

J- J_ p _Lp 2 

t 2 ~r P3 

ANS. FIG. P26.55 

Each capacitor by itself has capacitance 

c _kc 0 A _l(8.85xl(T 12 C 2 /N• m 2 )(7.50x 10 -4 m 2 ) 

d 1.19 xlO -3 m 

=5.58 pF 


Then equivalent capacitance =5.58 pF +5.58 pF = |ll.2 pF| . 

(b) Q =CAV +CAV =(ll.2xlO' 12 f)( 12 V) = | 134 pC| 

(c) Now P 3 has charge on two surfaces and in effect three capacitors 
are in parallel: 

C =3(5.58 P f) = |l6.7 pF~| 

(d) Only one face of P 4 carries charge: 

Q =CAV =(5.58xlO" 12 F)(l2 V) = [~66.9 pC | 

The upper pair of capacitors, 3-jtiF and 6-jtiF, are in series. Their 
equivalent capacitance is 


f — +—) =2.00 UF 

3.00 6.00 J 


The lower pair of capacitors, 2-jL/F and 4-jliF, are in series. Their 
equivalent capacitance is 


_L+_L 

2.00 4.00 


=1.33 jUF 

The upper pair are in parallel to the lower pair, so the total capacitance 
is 

C eq =2.00 pF +1.33jUF =3.33 pF 
(a) The total energy stored in the full circuit is then 

(Energy stored) totai =^C eq (A vf =^3.33xlO' 6 f)( 90.0 vf 


=1.35 x 10~ 2 J =13.5 x IQ' 3 J = 13.5 mj 
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(b) Refer to P26.19 for the calculation of the charges used below. The 
energy stored in each individual capacitor is 

For 2.00 jLiF: 

n 2 (mxIO^c ) 2 

3.60 x 10 -3 J 


For 3.00 jLiF: 


For 4.00 jLi F: 


For 6.00 jLiF: 


_Q 2 

(120X10" 6 

cf 

2C 2 

”2(2.00x10 

=^j 

II 

™j] 


_Q 2 

(180X10" 6 

c ) 2 

2 C 3 

”2(3.00x10 


u 

II 

mj] 


_q\ 

(l20 xlO" 6 

Cf 

2 C 4 

”2(4.00x10 

^f) 

=[L80 

m}] 


Ql 

_(l80xl0’ 6 

Cf 

2 Q 

_ 2 (6.00x10 


=[Z70 

nj] 



=5.40 x!0“ 3 J 


=2.70 x!0“ 3 J 


(c) Energy stored =(3.60 +5.40 +1.80 +2.70) mj =13.5 mj = 
(Energy stored)^ 


The total energy stored by the system equals the sum of the 
[energies stored in the individual capacitors. 


!f 'P26.57 From Equation 26.13, 

U E 1 1-2 

Solving for the volume gives 


1.00 x!0~ 7 J 


\^E 2 |(8.85xl0~ 12 C 2 /N m 2 )(3 000 V/m) 2 

= | 2.51 x IQ" 3 m 3 ~| =(2.51 x 10’ 3 m 3 )(^^) = | 2.51 L | 
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Imagine the center plate is split along its midplane 
and pulled apart. We have two capacitors in parallel, 
supporting the same AV and carrying total charge Q. 

G A 

The upper capacitor has capacitance Q == and 

e A I 

the lower C, = -3=-. Charge flows from ground onto 


2d ' 

each of the outside plates so that 

Q 1 +Q 2 =Q and AV X = AV 2 = AV. 
_ Q 2 _ Q x d _ Q 2 2d 

C 2 e o ^ 


Then — = 

Q 

(a) 




(b) 

-4 


0 := 2Q 2 


ANS. FIG. P26.58 


2Q 2 +0 2 =Q. 


On the lower plate the charge is - — 


2 Q 

On the upper plate the charge is - — 


2 Qd 


3e„A 


The dielectric strength is E max = 2.00 x 10 8 V/m 
so we have for the distance between plates d= 


AV ma> 

~d~ 

AV max 

~E~' 


Now to also satisfy C = —^— = 0.250 x 10 6 F with k = 3.00, we 
combine by substitution to solve for the plate area: 

Cd _ CA Knax _ (0.250 x 10- 6 F)(4 000 V) 

kg 0 ~ Ke 0 E maK ~ (3.00)(8.85 x 10“ 12 F/m)(2.00 x 10 8 V/m) 

= [(U88^ 

P26.60 We can use the energy U c stored in the capacitor to find the potential 
difference across the plates: 

Uc^-CiAVf -► AV=^ 
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When the particle moves between the plates, the change in potential 
energy of the charge-field system is 



where we have noted that the potential difference is negative from the 
positive plate to the negative plate. Apply the isolated system (energy) 
model to the charge-field system: 


A/C + AU h =0 —> A/C =-A U t 

system syster 

Substitute numerical values: 



A/C =(-3.00 


x lO" 6 c) 


1 2(0.050 0 j) 

V 10.0 x 10“ 6 F 


= -3.00 x 10" 4 J 


This decrease in kinetic energy of the particle is more than the energy 
with which it began. Therefore, the particle does not arrive at the 
negative plate but rather turns around and moves back to the positive 
plate. 


*P26.61 (a) 


m _ 1.00 xl0~ 12 kg 
p 1 100 kg/m 3 


| 9.09 x 10~ 16 m 3 ] 


Since V = ^ Kr , the radius is r 
3 


4 - 4^ = 4^f=4,[ 3 ( 9 - W x^- 16m3 ) | 


and the surface area is 


= 4.54 xlO“ 10 m 2 


(b) 


c _ kg 0 A _ (5.00)(8.85x 10~ 12 C 2 /N m 2 )(4.54xlQ- 10 m 2 ) 


= 2.01 x 10“ 13 F 


(c) Q =C( AV) =(2.01 xlO- 13 F)(l00x 10“ 3 V) = | 2.01 xhT 14 C~| . 
and the number of electronic charges is 


0 _ 2.01 x 10“ 14 C 
e - 1.60xlO -19 C 


| 1.26xl0 5 
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P26.62 


P26.63 


(a) With the liquid filling the space between the plates to height fd, 
the top of the fluid at the air-fluid interface develops an induced 
dipole layer of charge so that it acts as a thin plate with opposite 
charge on its upper and lower sides; thus, the partially filled 
capacitor behaves as two capacitors in series connected at the 
interface. The upper and lower capacitors have separate 
capacitances: 


C u F 


lg 0 A 
4X-f) 


and 


6.5 e 0 A 

W~ 


The equivalent series capacitance is 



(b) For f= 0, the capacitor is empty so we can expect capacitance 
125.0 /JF| . For f = 0, 


C f =25.0 jJF(l- 0.846 f)" 1 =25.0 AiF(l-O)' 1 =25.0 pF 


and [the general expression agrees] . 

(c) For f = 1, we expect 6.5(25.0 pF) =162 pF . For f = 1, 

C f =25.0 )UF(1- 0.846 f) -1 =25.0 jUF(l - 0.846) 1 = |162 pF\ 
and [the general expression agrees] . 

The initial charge on the larger capacitor is 

Q =CAV =(l0.0 jUF)(l5.0 V) =150 pC 


An additional charge q is pushed through the 50.0-V battery, giving the 
smaller capacitor charge q and the larger charge 150 jtiC + q. 


Then 


50.0 V 


, Q | 150 pC +q 
5.00 pF 10.0 pF 


500 pC =2q+150 pC+q 
q=117 pC 
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So across the 5.00-pF capacitor, 

AV =- = 117/JC =| 23.3 V| 
C 5.00 pF 1 - 


Across the 10.0-jLiF capacitor. 


AV 


150 jUC+117 jUC 
10.0 jUF 


|26.7V | 


!f 'P26.64 From Gauss's Law, for the electric field inside the 
cylinder, 2k rlE = —. 


AV = -] E • dr = J —dr = — 

\ ri 2nre 0 2ne ( 


-hfil 

: o UJ 



ANS. FIG. P26.64 


/L 

Recognizing that max = E mzx n mer , we obtain 
2k e 0 

AV =(l.20xl0 6 V/m)(0.100xl0 -3 m)ln 25 ‘° m 
v ' n ' '0.200 ml 

= | 579 V | 


P26.65 Where the metal block and the plates overlap, the electric field 
between the plates is zero. The plates do not lose charge in the 
overlapping region, but opposite charge induced on the surfaces 
of the inserted portion of the block cancels the field from charge 
on the plates. The unfilled portion of the capacitor has capacitance 

d d 

The effective charge on this portion (the charge producing the 
remaining electric field between the plates) is proportional to the 
unblocked area: 

0 _(£**)<?, 

£ 

(a) The stored energy is 

U _[(<-x)Q,/T _ 

2C 2 ej(£-x)/d 


OpdU-x) 

2e 0 f 
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P26.66 


(b) 



d_f QlU-x)d ) i Q 2 0 d 
dx{ 2e 0 f j 2e 0 1 


Opd 

2e 0 £ 3 


to the right 


(into the capacitor: the block is pulled in) 


(c) 


Stress = — = 

Id 


Oo 

2g 0 l 4 


(d) The energy density is 



Ql 

2e 0 t 


1 


2( =o 



(e) | They are precisely the same. | 

(a) Put charge Q on the sphere of radius a and -Q on the other 

sphere. Relative to V = 0 at infinity, because d is larger compared 
to a and to b. 


The potential at the surface of a is approximately V g = 


kQ kO 


-kQ kQ 

and the potential of b is approximately V b = —^—I—. 

i • „ „ kQ kQ kQ kQ 

The difference m potential is V - V. = +—---— 

F a b a b d d 


and C 



YiW 



laj l 

b) yd) 


(b) As d—> ^ becomes negligible compared to — and i. Then, 



and 


C 


1 | 1 
4 ne Q a 4ne 0 b 


as for two spheres in series. 
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P26.67 


P26.68 


Call the unknown capacitance C u . The charge remains the same: 


o=c„(av,)=(c„+c)(av,) 


„ _ C K) 

(lO.O )UF)(30.0 V) 

" (Al'j-K) 

” (lOO V-30.0 V) 


e A 0 

(a) C 0 = for a capacitor with air or vacuum beteen its 

plates. When the dielectric is inserted at constant voltage, 

0 


C = kC„ = 


AW 


The original energy is 

u _c,(avJ 
Ue °~ 2 

and the final energy is 

u _c(av„) 2 _kC 0 (AW) 

e 2 2 

therefore. 



(b) The electric field between the plates polarizes molecules within the 
dielectric; therefore the field does work on charge within the 
molecules to create electric dipoles. The extra energy comes from 
(part of the) electrical work done by the battery in separating that 
charge. 

(c) The charge on the plates increases because the voltage remains 
the same: 


O 0 = C 0 AV 0 

and 0 = CAV 0 = kC 0 AV q 


so the charge increases according to 
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P26.69 Initially (capacitors charged in parallel), 

q =Cj (A\/) =(6.00 jUF)(250 v) =1500 pC 
q =C 2 (AV) =(2.00 £/F)(250 v) =500 juC 
After reconnection (positive plate to negative plate), 
<tai =q-<?2 = 1 000 pC 


and 


AV' 


.Am = 1000jjC =125 v 

C I(I1| 8.00 /Iff 


Therefore, 

q =Cj (aw) =(6.00 juF)(l25 v) = |750 juC| 
q =C 2 (aw) =(2.00 /iF)(l25 V) = |250 jUC| 

P26.70 The condition that we are testing is that the capacitance increases by 
less than 10%, or. 


— < 1.10 
C 

Substituting the expressions for C and C' from Example 26.1, we have 

i 

C' 2k e \n(b/l.l0a) \n(b/a) 

~c ~ e ~ _ ln(iyi.ioa) < 1-10 
2k e \n(b/a) 

This becomes 

Inf -} <1.101nf ——1 =1.101nf- 
{a) U-10 a) {a, 

=1.101n^j-1.101n(l.l0) 

We can rewrite this as 

-O.lOln^j < -l.101nfl.10) 

Inj^j > ll.Oln(l.lO) = ln(l.io) 110 

where we have reversed the direction of the inequality because we 
multiplied the whole expression by -1 to remove the negative signs. 
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Comparing the arguments of the logarithms on both sides of the 
inequality, we see that 

^ > (l.io) 110 = 2.85 

Thus, if b> 2.85a, the increase in capacitance is less than 10% and it is 
more effective to increase £. 


P26.71 Placing two identical capacitor is series will split the voltage evenly 
between them, giving each a voltage of 45 V, but the total capacitance 
will be half of what is needed. To double the capacitance, another pair 
of series capacitors must be placed in parallel with the first pair, as 
shown in ANS. FIG. P26.71A. The equivalent capacitance is 

f +-J—T' J. -J— + -L_ 

{100 pB 100 pF J [lOOpF 100 pF 

Another possibility shown in ANS. FIG. P26.71B: two capacitors in 
parallel, connected in series to another pair of capacitors in parallel; the 
voltage across each parallel section is then 45 V. The equivalent 
capacitance is 


=100 pF 


1 

(lOOpF + 100 jL/f) 1 +(l00 pF + 100 pp) 


=100 pF 



11 HH 

ANS. FIG. P26.71B 


(a) 


One capacitor cannot be used by itself — it would bum out. She 
can use two capacitors in series, connected in parallel to another 
two capacitors in series. Another possibility is two capacitors in 
parallel, connected in series to another two capacitors in parallel. 
In either case, one capacitor will be left over. 


(b) 


Each of the four capacitors will be exposed to a maximum 
voltage of 45 V. 
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Challenge Problems 

P26.72 From Example 26.1, when there is a vacuum between the conductors, 
the voltage between them is 


A V ^.Wj = 2 Vta (|) = S L 1 n(|' 


With a dielectric, a factor 1/k must be included, and the equation 
becomes 


AV=-^—[%i 
2 jik e n \ a / 


The electric field is 


F=-X- 

2jik e 0 r 

So when E = E max at r = a, 

A 

——— = E a and AV 
2kk e Q max 




Thus, 

AV =(l8.0xl0 6 V/m)(0.800xl0" 3 m)lnf 3 '°° — 1 
max V A 1 v 0.800 mmj 

= 19.0 kV| 


P26.73 According to the suggestion, the combination of 
capacitors shown is equivalent to x r^h v 

Then, from ANS. FIG. P26.73, 


1 


1 


1 


C 0 C +C 0 C 0 

c +c 0 +c 0 +c +c 0 
Q(c+C 0 ) 


C 0 C+C 0 2 =2C 2 +3C 0 C 
2C 2 +2C 0 C - C 2 =0 
c _-2c 0 ±^q+4(2c;) 

4 

Only the positive root is physical: 



>Hh 




XX 

XJ 



Q 

ANS. FIG. P26.73 
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P26.74 


P26.75 


P26.76 


© 2014 Cengage Learning 


Let charge A per length be on one wire and -A be on the other. The 
electric field due to the charge on the positive wire is perpendicular to 
the wire, radial, and of magnitude 

E + =—^— 

2k e 0 r 


The potential difference between the surfaces of the wires due to the 
presence of this charge is 


AV 1 




The presence of the linear charge density -A on the negative wire 
makes an identical contribution to the potential difference between the 
wires. Therefore, the total potential difference is 


With D much larger than r we have nearly A\/ =-In — J 


and the capacitance of this system of two wires, each of length i , is 
_ Q _ XU _ M _ n e 0 i 
~AV “AV “(A/tt e 0 )ln[D/rJ _ ln[D/r] 


The capacitance per unit length is 



By symmetry, the potential difference across 3C is zero, so the circuit 
reduces to (see ANS. FIG. P26.75): 



r- 

Hh Hh 


A + n =—c = — c 

2C 4C 6 3 


HH HH 

C 2 C 

ANS. FIG. P26.75 


II-IH 

2 C 4C 


(a) Consider a strip of width dx and length 1/1/ at position X from the 
front left comer. The capacitance of the lower portion of this strip 

. RTj e 0 1/1/ dx . K 2 e 0 W dx 

is 1 ^ ^ —. The capacitance of the upper portion is ^ ^ 
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P26.77 


The series combination of the two elements has capacitance 


1 _ k 1 k 2 e 0 W Ldx 

tX ~~ K*tX+K,tL-K,tX 

k-l e 0 WL dx K 2 e 0 W Ldx 

The whole capacitance is a combination of elements in parallel: 
^ _ f L K i K i g o W Ldx 
Jo [K 2 -K^)tX+K 1 tL 

1 rLK l K 2 e 0 W L(K 2 -K 1 )tdx 
(K 2 -K 1 )t^ 0 (K 2 -K 1 )tX+K 1 tL 

K,K 2 e i) WL^ r, \. , „ - 1 L 

=-^—-j-]n[(K 2 -K,)tx+ Kl tLl 


kjc 2 e 0 WL ( k 2 — k 1 )tL +k^L 1 

(kv,-^, )t |_ 0 +K 1 tL 


= y 2 e 0 WL h 

[Kl-KlV 


1 _ k-1^2 WL 

■faVl 

J-(-l)(v J -v,)t ln [ 

UJ J 


k k 2 epWL ^l k x 
(Xj-xJt [^2 


(b) The capacitor physically has the same capacitance if it is turned 
upside down, so the answer should be the same with jq and k 2 
interchanged. We have proven that it has this property in the 
solution to part (a). 


(c) Let jq = k 2 (1 + X). Then C + ^ £ ° — ln[l +4 

a u , _ fc(l +0) e 0 l/l/L r £ 0 ^ 

As x approaches zero we have -X =—y- 


was to be shown. 

Assume a potential difference across a and b, and notice that the 
potential difference across 8.00 pF the capacitor must be zero by 
symmetry. Then the equivalent capacitance can be determined from 
the circuit shown in ANS. FIG. P26.77, and is = |3.00 jUF~j . 


4.00 jiF 4.00 nF 

OD 


2.00 nF 2.00 nF 


a 6.00 nF 6.00 nF b 


ANS. FIG. P26.77 


a 3.00 iiF b 
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P26.78 


(a) The portion of the device containing the dielectric has plate area 
£x and capacitance C, = K€ nJ x ph e unfilled part has area 

£[£-X] and capacitance ——-. The total capacitance is 


q+c 2 = 


^[£+x(k-1)] 


(b) The stored energy is U = 


2 C 


Q 2 d 

2r„f[. +x(k - - l)] 


(c) F = 


fdU\_ 

Q 2 d(K- 1) ; 

Idx ) 

2ej[n+xU-l)] 2 


When X = 0, the original 


Q 2 d[i< - l)- 

value of the force is--— i. As the dielectric slides in. the 

2e 0 f 

charges on the plates redistribute themselves. The force decreases 

t Q 2 d(g-l); 


to its final value, when x = £, of 


/ ji A , £ e 2Q 2 d[K-l), 

(d) At x = —, F = rj l. 

2 s„e( K + 1) 2 


2 


For the constant charge on the capacitor and the initial voltage we 
have the relationship 


0 = C 0 A V = 


: o £ 2 A V 

d 


Then the force is F 


_2e 0 £(AVf(K-l), 


d(K+lf 

_2(8.85xlQ- 12 C 2 /N-m 2 )(0.050 0 m)(2.00xl0 3 v) 2 (4.50-1). 


(0.002 00 m)(4.50 +1 f 


=|205i pN\ 
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lNSWERS to even-numbered problems 


P26.2 

P26.4 

P26.6 

P26.8 

P26.10 

P26.12 

P26.14 

P26.16 

P26.18 

P26.20 

P26.22 

P26.24 

P26.26 

P26.28 

P26.30 

P26.32 

P26.34 


P26.36 


(a) 1.00 jUF; (b) 100 V 

(a) 15.6 pF; (b) 257 kV 

(a) 11.1 nF; (b) 26.6 C 

(a) 1.36 pF; (b) 16.3 pC; (c) 8.00 x 10 3 V/m 

[2N -l)e 0 (k-O)R 2 
d 


mgd tan 6 

q 

(a) 3.53 jUF; (b) 6.35 V and 2.65 V; (c) 31.8 /jC 
(a) 10.7 pC; (b) 15.0 jtiC and 37.5 jLiC 

4 

None of the possible combinations of the extra capacitors is — C, so the 
desired capacitance cannot be achieved. 

(a) 2C; (b) Q, >0 3 >0 2 ; (c) Al/, >AV 2 >Al/ 3 ; (d) Q 3 and Q , increase; Q 2 
decreases 


(a) 6.05 pF ; (b) 83.7 pC 

120 pC ; (b) 40.0 pC and 80.0 pC 

(a) 2.67 pF ; (b) 24.0 pC , 24.0 pC , 6.00 pC, 18.0 pC ; (c) 3.00 V 


c =-C +1- 

1 2 p h 


Cl - C C and C = 


-c-J-c 2 -cc 

2 p V 4 p p 


4.47 x 10 3 V 

(a) 216 p ]; (b) 54.0 p] 


(a) 12.0 pF ; (b) 8.64 x 10' 4 J; (c) U, = 5.76 x 10' 4 J and U 2 = 2.88 x W 4 J; (d) 
U 1 +U 2 =5.76 x lO^J +2.88 x 10" 4 J =8.64 x lO^J =U eq , which is one 
reason why the 12.0 pF capacitor is considered to be equivalent to the 
two capacitors; (e) The total energy of the equivalent capacitance will 
always equal the sum of the energies stored in the individual capacitors; 
(f) 5.66 V; (g) The larger capacitor C 2 stores more energy. 


, 4AV (A]/) 2 

(a) C[AV) ; (b) A\Z' = — ; (c) 4C V — ; ; (d) Positive work is done by 

the agent pulling the plates apart. 
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P26.38 


Q 2 

2e 0 A 


P26.40 


w'g, 

2 R 




gig 


(d) 


ftp 

R, +R 2 ' 


(e) V, =- 


*P 


and \/ 9 : 


+R 2 


;(f)o 


P26.42 (a) Consider two sheets of aluminum foil, each 40 cm by 100 cm, with 
one sheet of plastic between them; (b) 10” 6 F; (c) 10 2 V 

P26.44 (a) k = 3.40; (b) nylon; (c) The voltage would lie somewhere between 
25.0 V and 85.0 V. 

P26.46 1.04 m 
P26.48 22.5 V 

P26.50 (a) (-9-10i +8.40j)xl0“ 12 C m; (b) -2.09xl0~ 8 k N-m; (c) 112 nj; 

(d) 228 nj 


P26.52 p— cosfli 
dx 

P26.54 6.25 pF 

P26.56 (a) 13.5 mj; (b) 3.60 mj, 5.40 mj, 1.80 mj, 2.70 mj; (c) The total energy 
stored by the system equals the sum of the energies stored in the 
individual capacitors. 


P26.58 (a) On the lower plate the charge is - —, and on the upper plate the 

3 

, 2Q ... 2 Qd 

charge is <b) — 


P26.60 The decrease in kinetic energy of the particle is more than the energy 
with which it began. Therefore, the particle does not arrive at the 
negative plate but rather turns around and moves back to the positive 
plate. 

P26.62 (a) 2.50pF(l - 0.846 f) 1 ; (b) 25.0 pF, the general expression agrees; 

(c) 162 pF; The general expression agrees. 

P26.64 579 V 
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P26.66 

P26.68 


P26.70 

P26.72 

P26.74 

P26.76 

P26.78 


(a) See P26.66(a) for full explanation; (b) --+--- 

r 4n e 0 a 4k e 0 b 

(a) See P26.68(a) for full explanation; (b) The electric field between the 
plates polarizes molecules within the dielectric; therefore the field does 
work on charge within the molecules to create electric dipoles. The extra 
energy comes from (part of the) electrical work done by the battery in 
Q 

separating that charge; (c) — = tc 

See P26.70 for full mathematical verification. 

19.0 kV 
C = kg 0 
i In [D/r] 


^ln 

capacitance if it is turned upside down, so the answer should be the 
same with k 1 and k 2 interchanged. We have proven that it has this 
property in the solution to part (a); (c) See P26.76(c) for full explanation. 



K 1 

K 2_ 


— ; (b) The capacitor physically has the same 


(a) ^[? + x(k- 1)]; (b) - 


Q 2 d 


2e 0 £[t+x(ic-l)]' ^ 2e 0 e[e +x(?c-l)] 2 


Q 2 cI[k-1) 


(d) 205i pN 
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(ii) Answer (a). The cross-sectional area decreases, so the resistance 
per unit length, R/L= p/A, increases. 

OQ27.5 Answer (c). I =AV/R = 1.00 V /10.0 Q = 0.100 A = 0.100 C/s. 

Because current is constant, / = dq/ dt - Aq/ At, and we find that 

Aq=IAt =(0.100 C/s)(20.0 s) =2.00 C 


OQ27.6 

OQ27.7 


OQ27.8 


Answer (c). The resistances are: R, = pL/A = pL/nr 2 , 

R 2 =pL/n(2r) 2 =(l/4 )pL/nr 2 , R 3 =p[2L)/n[3rf =(2 /9)pL/nr 2 . 
Answer (a). The new cross-sectional area is three times the original. 
Originally, R = ^-. Finally, R, =£ =|. 

Answer (b). Using R 0 = 10.0 Q at T = 20.0 °C, we have 
R =R 0 [ 1 +aAT) or 


a 


R/Rq-1 10.6/10.0-1 
AT (90.0 °C-20.0 °C) 


=8.57 xlO" 4 


°C“ 1 


At T = -20.0°C, we have 
R =R 0 (l+aAT) 

=(l0.0 Q)[l +8.57 x 10- 4 “C" 1 (-20.0 °C - 20.0 °c)] =9.66 Q 
OQ27.9 Answer (a). R = V/I =2 V/2 A = 1 Q. 

OQ27.10 Answer (c). Compare resistances: 

dl _(2L b ) dl = 2 = 1 
R„ pL B /K(d B /2f 4 d, 1 4 (2 dj 4 2 

„ P, AV 2 /R. R. , 

Compare power,: - = -^- = -=2. 

OQ27.11 Answer (e). R A =^- =2R b . Therefore, 

Pa tV 2 /** gs 1 

P B AV 2 /R„ R a 2 

OQ27.12 (i) Answer (a). P = AV 2 /R, and AV is the same for both bulbs, so the 

25 W bulb must have higher resistance so that it will have lower 
power. 

(ii) Answer (b). AV is the same for both bulbs, so the 100 W bulb 
must have lower resistance so that it will have more current. 
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OQ27.13 Answer (d). Because wire B has twice the radius, it has four times the 
cross-sectional area of wire A. For wire A, R A = R = pL/A. For wire B, 
R b = p(2L)/(4A) = (1/2 )pL/A = R/2. 


lNSWERS to conceptual questions 


CQ27.1 


CQ27.2 

CQ27.3 


CQ27.4 


CQ27.5 


CQ27.6 


Choose the voltage of the power supply you will use to drive the 
heater. Next calculate the required resistance R as —p~ ■ Knowing 
the resistivity p of the material, choose a combination of wire length 
and cross-sectional area to make [ — ) = I — ). You will have to pay 

UJ (p 


for less material if you make both t and A smaller, but if you go too 
far the wire will have too little surface area to radiate away the 
energy; then the resistor will melt. 


Geometry and resistivity. In turn, the resistivity of the material 
depends on the temperature. 


The conductor does not follow Ohm's law, and must have a 
resistivity that is current-dependent, or more likely temperature- 
dependent. 


In a normal metal, suppose that we could proceed to a limit of zero 
resistance by lengthening the average time between collisions. The 
classical model of conduction then suggests that a constant applied 
voltage would cause constant acceleration of the free electrons. The 
drift speed and the current would increase steadily in time. 


It is not the situation envisioned in the question, but we can actually 
switch to zero resistance by substituting a superconducting wire for 
the normal metal. In this case, the drift velocity of electrons is 
established by vibrations of atoms in the crystal lattice; the maximum 
current is limited; and it becomes impossible to establish a potential 
difference across the superconductor. 

The resistance of copper increases with temperature, while the 
resistance of silicon decreases with increasing temperature. The 
conduction electrons are scattered more by vibrating atoms when 
copper heats up. Silicon's charge carrier density increases as 
temperature increases and more atomic electrons are promoted to 
become conduction electrons. 


The amplitude of atomic vibrations increases with temperature. 
Atoms can then scatter electrons more efficiently. 
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CQ27.7 Because there are so many electrons in a conductor (approximately 
10 28 electrons/m 3 ) the average velocity of charges is very slow. When 
you connect a wire to a potential difference, you establish an electric 
field everywhere in the wire nearly instantaneously, to make 
electrons start drifting everywhere all at once. 

CQ27.8 Voltage is a measure of potential difference, not of current. "Surge" 
implies a flow—and only charge, in coulombs, can flow through a 
system. It would also be correct to say that the victim carried a 
certain current, in amperes. 


SOLUTIONS TO END-OF-CHAPTER PROBLEMS 


Section 21.1 Electric Current 

*P27.1 The drift speed of electrons in the line is 
_ / / 

Vd nqa / 4) 

The time to travel the 200-km length of the line is then 

At= L_ _ Ln\^(jtcf) 

v d 4/ 

Substituting numerical values, 

a ^_(200x 10 3 m)(8.50xl0 28 m- 3 )(l.60xl0“ 19 c)tt( 0.02 m) 2 
4(1 000 A) 

=(8.55 x 10 8 s)(- lyr 7 ) =127.1 yrl 

' v3.156x10 sj I-^-1 


The period of revolution for the sphere is T = —, and the average 

current represented by this revolving charge is / = ^ = ^ . 

We use / = riqAVj, where n is the number of charge carriers per unit 
volume, and is identical to the number of atoms per unit volume. We 
assume a contribution of 1 free electron per atom in the relationship 
above. For aluminum, which has a molar mass of 27, we know that 
Avogadro's number of atoms, N A , has a mass of 27.0 g. Thus, the mass 
per atom is 

m = = 27 ‘° g 23 = 4.49 x 10- 23 g/atom 

N. 6.02 xlO 23 6/ 
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Thus, 

p density of aluminum 2.70 g/cm 3 
m mass per atom 4.49 xl0“ 23 g/atom 

n = 6.02 x 10 22 atoms/cm 3 = 6.02 x 10 28 atoms/m 3 
Therefore, 

/ = 5.00 A 

d ~ nqA ~(6.02xl0 28 nr 3 )(l.60xlCr 19 C)(4.00xlCT 6 m 2 ) 
=1.30x10“* m/s 

or, v d = | 0.130 mm/s | . 

P27.4 The period of the electron in its orbit is T = ItCT/ V, and the current 
represented by the orbiting electron is 

/ =A9. JA =AA 

At T 2 nr 

_(2.19xl0 6 m/s)(l.60xl0 -19 c) 

27r(5.29xl0- n m) 


P27.5 


P27.6 


=1.05 xlCT 3 C/s = | 1.05 mA~| 


If N is the number of protons, each with charge Q that hit the target in 
time At, the average current in the beam is / = AQ / At =Ne/ At, giving 


/(At) _(l25xl0~ 6 C/s)(23.0s) 
e 1.60 x 10~ 19 C/proton 


= |l.80 x 10 16 protons] 


(a) From Example 27.1 in the textbook, the density of charge carriers 
(electrons) in a copper wire is n = 8.46 x 10 28 electrons/m 3 . With 
A = nr 2 and |q| = e, the drift speed of electrons in this wire is 


(b) 


/ _ / 

Vd n\(\A nef^r 2 ] 

= _ 3.70 C/s _ 

(8.46 xlO 28 nT 3 )(l.60xl0“ 19 c)^(l.25xlO' 3 m) 2 

=^57xl0^^s] 

The drift speed is smaller because more electrons are being) 
conducted.) To create the same current, therefore, the drift speed 
need not be as great. 
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P27.8 


P27.9 


From this, we derive the general integral: Q = J dQ = J / dt 
In all three cases, define an end-time, 7: Q = | l 0 & t/T dt 

Integrating from time t = 0 to time t=T: Q =J (-/ (| r)e t/T 

We perform the integral and set Q = 0 at t = 0 to obtain 

-<?)=' A I-*"’) 


(a) 

If 7= t: 

Q{T)=l 0 T(l-e-')=\ (0.632)/ 0 r | 

(b) 

If 7= 10 t: 

O(10t) =/ 0 r(l-e 10 ) =| (0.999 9 5)l 0 t | 

(c) 

If 7= 00: 

oH=/^(i-g*)=pn 

(a) 

J =j =- 

5 ' 00A -| 99.5 kA/m’ | 


A n\ 

[4.00 x 10 -3 m) 1 - 1 

(b) 

Current is the same. 

(c) 

The cross-sectional area is greater; therefore the current density is 


^mailer. 


(d) 

> 

11 

jfc. 

or nr.f = 4nrf so n, = 2r, = 0.800 cm|. 

(e) 

|/ =5.00 A | 

(f) 


^(9.95 x 10 4 A/m 2 ) = 2.49 x 10 4 A/m 2 


We are given q= 4? + 5t + 6. The area is 

A =(2.00 cm 2 )f L0 ° m l =2.00 x 10" 4 m 2 
v A100 cm J 


(a) /(loos) =SL.„„ =( i2f2+5 L.oo s =M 

/ 


dt La 

17.0 A 


(b) J = — = -^41—- - I 85.0 kA/m : 

y J A 2.00 x 10” 4 m 2 I-— 
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P27.10 


P27.ll 


(a) We obtain the speed of each deuteron from K = —mv 2 : 


W _ | 2 ( 2 . 00 x 10 6 )(l.60x 10~ 19 j) 
2(l.67xlO -27 kg) 


=1.38 xlO 7 m/s 


The time between deuterons passing a stationary point is t in 
I = - , so 

/-=. _ 

/ 10.0xlO " 6 C/s 

So the distance between individual deuterons is 


vt= (1.38 x 10 7 m/s)(1.60 x 10' 14 s) = I 2.21 xlO " 7 m I 


(b) One nucleus will put its nearest neighbor at potential 
_k e q_( 8.99xl0 9 N-m 2 /C 2 )(l.60xl0- 19 c) 


=6.49xlO ' 3 V 

This is very small compared to the 2 MV accelerating potential, so 
repulsion within the beam is a small effect. 


(a) J 


I 


A 7r(l.00x 10 3 m)" 
(b) From J = nej & we have 

n _J 


=1 2.55 A/m 2 


2.55 A/m 2 1 - —sef 

-w—n- 5 - \ = 5.31 x 10 0 m 3 

1.60x 10 9 Cj(3.00x 10 8 m/s) >-1 


_AQ 


(c) From / =-, we have 

' At 


A Q _N A e_( 6.02xl0 23 )( 1.60xlO -19 c) 


/ / 

=ri-2QxlQ 10 s I 

(This is about 382 years!) 


8.00xlO -6 A 
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P27.12 


To find the total charge passing a point in a given amount of time, we 

use I = —l, from which we can write 
at 


q = J dq = J/ dt ='J S (lOO A)sinj dt 

-100 cf 


120 n [ 


| cos| — |-cos0 


0.265 C 


P27.13 


The molar mass of silver = 107.9 g/mole and the volume V is 
V =(area)(thickness) =(700xl0“ 4 m 2 )(0.133xl0“ 3 m) 
=9.31 xl0“ 6 m 3 

The mass of silver deposited is 

m Ag =pV =(l0.5xl0 3 kg/m 3 )(9.31xl0 -6 m 3 ) 

=9.78 xl0~ 2 kg 

And the number of silver atoms deposited is 

=M) 

=5.45 xlO 23 atoms 
The current is then 


1 = 


AV 

R 


12 0 V 

— = 6.67 A = 6.67 C/s 
1.80 Q ' 


The time interval required for the silver coating is 

xh _AQ _/Ve_(5.45xl0 23 )(l.60xl0- 19 c) 
/ / 6.67 C/s 

=1.31 xlO 4 s = | 3.64h | 


Section 27.2 Resistance 
P27.14 From Equation 27.7, we obtain 


/ = 


AV 

R 


= 0.500 A = I 500 mA 
240 Q I- 
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*P27.15 From Ohm's law, R = AV / /, and from Equation 27.10, 
R =p£ / A =p£/(ncf/ 4) 

Solving for the resistivity gives 

rr(2.00xl0~ 3 m] 




4(50.0 r 


=1.59x10 8 Q-m 

Then, from Table 27.2, we see that the wire is made of | silver | . 

P27.16 AV = IR and R = —. The area is 
A 


A =(o.600 mm 2 )f L °° m ) =6.00 x 10“ 7 
' \1 000 mm ) 


From the potential difference, we can solve for the current, which gives 


AV=^ 

A 


I = 6.43 A 


/ = 


AVA _ (0.900 V)(6.00xl0“ 7 m 2 ) 
pi _ (5.60x 10“ 8 Q ■ m ](I50 m) 


P27.17 From the definition of resistance, 

R= A)/ =i 20V = 

/ 13.5 A 1 - 1 

P27.18 Using R = ^ and data from Table 27.2, we have 


t-Cu _ ^-Al . Ul _ PaI 

l J Cu 2 RAl 2 — > r 2 _ 

Kr Cu Kr A\ r Cv Pcu 


which yields 


r Ai _ I Pai _ 
r cu V Pcu ' 1 


2.82x10 8 Q-m 


70x10 Q-m 


P27.19 (a) Given total mass m = p m V = p m A i 

p m = mass density. 


A = -, where 

PJ 


_ ,. ... n pi pi pp m £ 2 

Takmg p = resistivity, R = — = —— = 

6 3 A m/pj m 
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P27.20 


P27.21 


Thus, 


f7nR~ _ (l.OOxlCT 3 kg)(0.500 Q) 

~]j pp m ~]j (1.70 x 10' 8 Q ■ m)(8.92 x 10 3 kg/m 3 ^ 
= | 1.82 m | 


b) V =—, or nr 2 i =— 
Pm Pm 

Thus, 


_ = 1.00 x 10~ 3 kg 

npj ^(8.92xlO 3 kg/m 3 )(1.82 m) 


=1.40 xlO' 4 m 


The diameter is twice this distance: diameter = 280 pm 


a) Given total mass m = p m V = p m A i —> A =-, where 

Pj 

p m = mass density. 

_ , . ... n pi pi PP m i 2 

Taking p = resistivity, R = — = —— = . 

6 3 A m/pj m 


Thus, i = 


b) Volume V = —, or 
Pm 


—nd 2 i = — 

4 P m 


d= l±(l!Llf = (I(l!L IKT= II I 

V 7t l p m ij ]/ 7r[p m ]l mR J V 7r I 


™ PPm 
Pm 


/jf Pm 


a) From the definition of resistance, 

AV =i 20V = ^ 

/ 9.25 A 1 - 1 

b) The resistivity of Nichrome (from Table 27.2) is 1.50 x 10” 6 Q ■ m. 
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We find the length of wire from 

R = Pj= P £ 

A nr 2 

solving for the length £ gives 

_Rnr 2 _(!3.0Q);r(2.50xlCr 3 m) 2 


(l.50xl0“ 6 Q-m) 


= | 170 m| 


Section 27.3 A Model for Electrical Conduction 

*P27.22 (a) nis | unaffected | - 

(b) 7 = °c / so it | doubles | . 

(c) J = no/ d so v d | doubles] . 


*P27.23 

P27.24 


(d) t = —2 is | unchanged | as long as <T does not change due to a 


J = oE 


temperature change in the conductor. 

J _6.00x 10“ 13 A/m 2 _ 

°~~E~ 


6.00 xlO" 15 (Q m)" 1 


(a) From Appendix C, the molar mass of iron is 

M Fe =55.85 g/mol =(55.85 g/mol)(l kg/10 3 g) 


: kg/mol | 


(b) From Table 14.1, the density of iron is p Fe = 7.86 x 10 3 kg/m 3 , so 
the molar density is 

(molar density) =-^~ = 7 - 86xl ° 3 k §/ m3 
V y,Fe M Fe 5.58xl0“ 2 kg/mol 

= | 1.41xl0 5 mol/m 3 1 

(c) The density of iron atoms is 

density of atoms =N A (molar density) 


=(6.02X10“ ^¥l.41xl0=5^1 
^ mol A m J 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 



Chapter 27 211 


P27.25 


(d) 


With two conduction electrons per iron atom, the density of 
charge carriers is 


n =(charge carriers/atom)(density of atoms) 


J 2 electrons Y a49xl()S atoms 
^ atom A m 

=11.70 x 10 29 electrons/m 3 1 


(e) With a current of / = 30.0 A and cross-sectional area 

A = 5.00 x 10” 6 m 2 , the drift speed of the conduction electrons in 
this wire is 


/ _ 30.0 C/s _ 

d nqA (l.70 x 10 29 m“ 3 )(l.60x 10“ 19 c)(5.00xl0~ 6 m 3 ) 

= |2.21x IQ" 4 m/s | 


From Equations 27.16 and 27.13, the resistivity and drift velocity can be 
related to the electric field within the copper wire: 


m m 

P ne 2 ! T pne 1 

and 


eE eE 

v d = —z = - = — E = pnev d 

m m pne ^ na 


E 

pne 


where n is the electron density. From Example 27.1, 

_ (6.02x10” mol- 1 )(8 920 kg/m 3 ) =g 46x 1q2! 


0.063 5 kg/mol 


The electric field is then 


E =pnQ/ d 

E =(l.7 x 10" 8 Q ■ m)(8.46x 10 28 m" 3 ) 

x (l.60 x 10" 19 c)(7.84x 10" 4 m/s) 
= |0.18 V/m| 
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Section 27.4 Resistance and Temperature 
P27.26 R=R 0 [i+cc[AT)] gives 

140 Q =(19.0 Q)[l +(4.50 x 10“ 3 /°c)aT] 

Solving, 

AT = 1.42xl0 3 °C = T- 20.0°C 
And the final temperature is | T =1.44 x 10 s °C j 

P27.27 If we ignore thermal expansion, the change in the material's resistivity 
with temperature p =p 0 [l +oAT] implies that the change in resistance 
is R - R 0 = R (j ocAT. The fractional change in resistance is defined by 
f= (R- R 0 )/R 0 - Therefore, 

f = R C T =aAT =( 5 - 00 x 10 “ 3 ° C_1 )(50.0°C- 25.0°C) = | 0.12 1 
*P27.28 At the low temperature Tc we write 

«c=A =Ro[l+a(7- c -Tj] 

'C 

where T 0 = 20.0°C. At the high temperature 
R» =77 =fx = R o [i+«(T ft -T 0 )] 

Then, 

(A\/)/(l.00 A) _ 1 +(3.90x 10 -3 (°Cr 1 )(58.0°C-20.0°C) 

(A V)/I c ~1 +(3.90xlO" 3 (°C) _1 )(-88.0°C-20.0°C) 

and l c =(1.00 A)(^|) = |l-98A| . 

P27.29 We use Equation 27.20 and refer to Table 27.2: 

fi=R 0 [i+a(r-r 0 )] 

=(6.00 £2)[l +( 3.8 x 1CT 3 (°C) )(34.0°C - 20.0°C)] 

= [6.32 Q| 

P27.30 (a) From R = pL/A, the initial resistance of the mercury is 

R =BLl = _PC_ .MxIO'Q-mKi.OOOOm) 

1 A ^of/4 7r(l.00xhT 3 m) 2 /4 ^-1 
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*P27.31 


P27.32 


(b) Since the volume of mercury is constant, V = A f ■ L f - A, ■ L t gives 
the final cross-sectional area as A f =A, •(/_,//. f ). Thus, the final 
pL f pL 2 f 

resistance is given by R f = —— = ~^~j~ ■ The fractional change in 
the resistance is then 

AR _R,-R, = fi,_ t _pC,/(A c) _ J J U Y_ J 


R R i R, 

AR _( 100.040 Ocm^l 
~R ~\ 100.000 0 cm I 


pLi/A 


-1 = 8.00 x 10 increase 


(a) The resistance at 20.0°C is 

ot (l.7xl0“ 8 Q m)(34.5m) 

R 0 =1- 7 -^-- =2.99 Q 

^(0.25xl0" 3 m) 

and the current is 

l = AV =m v =m ^ 

R 0 3.00 Q 1 - 1 

(b) At 30.0°C, from Equation 27.20, 

R=R 0 [l+a(AT)] 

=(2.99 a)[l +(3.9x10"' (°C) _i )(30.0°C-20.0°C)] =3.10 <1 
The current is then 

l= ^VJJ0V = 

R 0 3.10 Q 1 - 1 

(a) We require two conditions: 


p =P^r v ^P2 f -2 

nr 2 nr 2 

where carbon = 1 and Nichrome = 2, and for any AT 

R (l +a l AT) +?4t( 1 +a 2 AT) 

nr nr 

Setting equations [1] and [2] equal to each other, we have 

PA- +MUML(i + a AT) +^4r(l +a 2 AT) 
nr nr nr nr 


[1] 


[ 2 ] 
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simplifying. 


or J ^-y-a 2 AT = -^- L ^-a, AT, which gives 
nr nr 

p 2 i 2 a 2 = -p 1 £ 1 a 1 

The two equations [1] and [3] are just sufficient to determine l x 
and l 2 . [The design goal can be met.] 

(b) From Table 27.2, cq =-0.5 x 10“ 3 (°C) _1 and a 2 =0.4 x 10 3 (°C) '. 
Use equation [3] to solve for l 2 in terms of i x : 

P2«2 

then substitute this into equation [1]: 

a =&k 1 = , _ 3 . 1 , 


(3.5x 10“ 5 O •m )r, -0.5xl0‘ 


7t( 1.50 x 10“ 3 m) 
> L =0.898 m 




^3.5 x 10 Q- m) ( -0.5x10" 
1.50xl0“ 6 Q m)i 0.4xlO" 3 


Therefore, \i x = 0.898 m and i 2 = 26.2 m.l 


i x =26.2 m 


P27.33 (a) The resistivity is computed from p =p 0 [ 1 +a (T - T 0 ) ]: 

p =(2.82xl0“ 8 Q-m)[l +(3.90xlO -3 °C 1 )(30.0°C)" 


= 3.15x10 Q-m 


(b) The current density is 


E _( 0.200 V/m YlQ-AA 

= P _ U.15xlO- 8 Q-mJt V J 


= 6.35xlO 6 A/m 2 


(c) The current density is related to the current by / = 


I =J (nr 2 )=( 6.35xlO 6 A/m 2 (5.00x10 5 m) 2 J = |49.9 mA] 
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P27.34 


P27.35 


(d) The mass density gives the number-density of free electrons; we 
assume that each atom donates one conduction electron: 




f 2.70 x 10 3 kg^| 

( 1 mol "j 

(ioy 

1 6.02 x 10 23 free e - ^ 

l m 3 J 

1 26.98 g J 

l k § j 

1 mol J 


= 6.02x10 8 e“/m 3 
Now J = nqv d gives the drift speed as 

, _l _ 6.35xlO 6 A/m 2 

Vd ~nq “(6.02xlO 28 e7m 3 )(-1.60xl0- 19 C/e ) 


= -6.59x10 m/s 


The sign indicates that the electrons drift opposite to the field and 
current. 

(e) The applied voltage is AV =Et =(0.200 V/m)(2.00 m) = |0.400 V~| . 
For aluminum, 

cc E =3.90 x 10' 3 0 CT 1 (Table 27.2) 
and a =24.0 x 10" 6 °C“ 1 (Table 19.1) 

The resistance is then 

D _P^ -Pot 1 +a E AT)4l +ocAT) (l +a E AT) 

A A(l+aAT) 2 0 (1+aAT) 


=(1.23 Q)| 
=| 1.71 Q 


1 + 3.90 x 10" 3 (°C ) _1 (120°C - 20.0°C) 


1 +(24.0 x 10^ (°C ) _1 )(l20 °C - 20.0 °C) 


Room temperature is T 0 = 20.0°. From Equation 27.19, 

Pai ={Po) m [1+*m[T-T 0 )] =3 (p 0 ) Cu 
Then, substituting numerical values from Table 27.2 gives 


3(l.7xlO -8 Q-m) 


_ 1 

3 (Po) Cu 

«A1 

Lw 


3.9xlO -3 ( 0 C) _1 


2.82xlO -8 Q-m 
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and solving for the temperature gives 
T- 20.0 °C =207°C 
T = [227°C] 

where we have assumed three significant figures throughout. 


Section 27.6 Electrical Power 


*P27.36 (a) P=[AV)I =(300xlO 3 J/C)(l.00xl0 3 C/s) =^00x10^] 


(b) 


A large electric generating station, fed by a trainload of coal each 
day, converts energy faster. 


'4 


p 

7T/- 2 


p =1 (jtr 2 )=( 1 370 W/m 2 )[tt(6.37x 10 6 m) 2 ] = | 1.75xlO 17 w] 

Terrestrial solar power is immense compared to lightning and 
compared to all human energy conversions. 

*P27.37 P =0.800(1500 hp)(746 W/hp) =8.95 x 10 5 W 


Then, from P = IAV, 



8.95 x10 s W 
2 000 V 


= 1448 A | 


P27.38 From Equation 27.21, 

P =IAV =500xlO" 6 A(l5xl0 3 v) = | 7.50 W] 


P27.39 (a) From Equation 27.21, 

P =IAV I =P/AV =(l.00 x 10 3 w)/(l20 V) = |8.33A| 

(b) From Equation 27.23, 

P =A V 2 /R R =A V 2 /P =(120 V) 2 /(l.00 x 10 3 w) = [14.4Q| 

P27.40 From Equation 27.21, 

p =1AV =(0.200xl0“ 3 A)(75.0xl0 _3 v) 

=15.0xlO -6 W = |15.0 juW| 
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P27.41 

P27.42 


P27.43 


P27.44 


From Equation 27.21, 

p =IAV =(350x 10' 3 a)(6.00 V) = |2.10W| 

If the tank has good insulation, essentially all of the energy electrically 
transmitted to the heating element becomes internal energy in the 
water: AE (intemal) =f (electrical) . Our symbol F (electrical) represents the same 
thing as the textbook's T et , namely electrically transmitted energy. 


Since 


A E, 


(internal) 


=mcAT and E (dectrieal) =PAt =(AV f At/R 


where C= 4 186 J/kg • °C 
the resistance is 

n = (AVfAt (240 V) 2 (1 500 s) = r^7V 

onAT (4 186 J/kg °C)(l09 kg)(29.0°C) ^-1 

From P=(AVf/R, we find that 

c _6 K) 2 _(120 V) 2 


The final current is 

AV f 140 V 

/ f =-- = i^_L = 0.972 A 

f R 144 Q 

The power during the surge is 
oJ A Vrf _(140 V? 


R 144 Q 

So the percentage increase is 
136 W-100 W 


100 W 


0.361 = 136.1% | 


You pay the electric company for energy transferred in the amount 
E = PAt. 


(a) PAt =(40 W)(2 weeks) 


= $1.48 


J 7d ' 

|f24lO 

( k )( 

'0.110 $> 

v 1 week. 

){ Id y 

1^1000 )\ 

. kWh J 

)f lh ){ 

' k 1| 

f 0.110$' 

J =| $0,005 34 | 

A 60 min 

1000 f 

l kWh , 
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P27.45 


P27.46 


P27.47 


(c) PAf=(5 200 W)(40min)f lh Y—Y 0 ' 110 $ 1 =1 $0,381 I 
'Uo min A1 000 A kWh J ^- 1 

(a) The total energy stored in the battery is 

A U E =q{AV)=lt(AV) 

=(55.0 A-h)(l2.0 V)| 

=660 W • h = | 0.660 kWh 

(b) The value of the electricity is 



f U 1 

f lW's'j 

UA-sJ 

uv-cj 

l 1J J 


Cost =(0.660 kWh) 


$0,110 V 


, , =1 $0,072 6 I 

JlkWhJ Lf - 1 

(a) The resistance of 1.00 m of 12-gauge copper wire is 

R _pt_ pi _ 4 pi _ 4(l.7xl0~ 8 Q-m)(l.00 m) 

nd 1 7r (o.205 x 10 -2 m) 2 


(b) 


(c) 


n[d/lf 

=5.2 x 10“ 3 Q 

The rate of internal energy production is 

p —IaV =I 2 R =(20.0 A) 2 (5.2 x 10" 3 Q) = | 2.1 W | 

R J^. 4Mx 1 0^ Q . m )( 1 .0O n | ^ 54xlo , Q 
net ^(0.205x 10' 2 m) 

P=lAV =I 2 R =(20.0 A) 2 (8.54xlO" 3 n)= |3.42 W| 


It would not be as safe. If surrounded by thermal insulation, it 
would get much hotter than a copper wire. 


The power of the lamp is P = IAV = U / At, where U is the energy 
transformed. Then the energy you buy, in standard units, is 
U = AVI At 

=16.2 MJ 
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P27.48 


P27.49 


In kilowatt hours, the energy is 
U = AVI At 

=(110 V)(1.70 A)(l day)(^)(^L)(^](Sl 
=4.49 kWh 

So operating the lamp costs (4.49 kWh)($0.110/kWh) = | $0.494 /day| . 
The energy taken in by electric transmission for the fluorescent bulb is 
PAt =11 J/s(l00h)j^ 3 ^ S j =3.96x 10 6 J 

cost =3.96 x 10 6 jf $2^12Y_^_¥ YL±)( h ] =$0,121 
\ kWh J^lOOOjl, J Jl v 3 600sJ 

For the incandescent bulb. 


PAt =40 W(l00h) 


cost =1.44x10' 


¥ 


3 600 s ^ 
lh , 
$0,110 


=1.44 xlO 7 J 
:$0.440 


^3.6x10* J 

savings =$0.440-$0,121 = | $0.319 | 

First, we compute the resistance of the wire: 

ol (1.50X10- 6 Q-m)25.0m 

R =^~ =-- j --=298 Q 

A K (0.200 x 10" 3 m) 

The potential drop across the wire is then 

AV =IR =(0.500 A)(298 Q) =149 V 

(a) The magnitude of the electric field in the wire is 

E= *v = uw =m v]^] 

£ 25.0 m I---1 


(b) The power delivered to the wire is 


p =(A V)l =(149 V)(0.500 A) =1 74.6 W I 


(c) We use Equation 27.20 and Table 27.2: 

R =P 0 [l+a(T-T 0 )] =(298 Q)[l +(0.400 x10- 3 / o c)320°C] 
=337 Q 
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To find the power delivered, we first compute the current flowing 
through the wire: 


/ = 


A\/ 

R 


149 V 
337 £2 


= 0.443 A 


then. 


p =(A V)l =(149 V)(0.443 A) = | 66.1 W | 

P27.50 The battery takes in energy by electric transmission: 

PAt =(AV )l(At) =(2.3 J/c)(l3.5xl0~ 3 C/s)(4.2h)^ 3 ^ S j 
=469 J 


It puts out energy by electric transmission: 

(AV)l[At) =(l.6 J/C)(l8xl0~ 3 C/s)(2.4h)|^^^j=249J 


(a) 


efficiency = 


useful output _ 249 J _ 1 ^ ^ 
total input 469 J I—-- 


(b) 


The only place for the missing energy to go is into internal 
energy: 

469 J =249 J +AE int 
A % = | 221 J | 


(c) 


We imagine toasting the battery over a fire with 221 J of heat 
input: 


Q =mcAT 


AT= 0_ = 221J 

me (0.015 kg)(975J/kg-°C) 


= |15.1°C| 


P27.51 


We compute the resistance of the wire from 


pjAV? 

R 


-> R 


_(AVf _(110 V) 2 
"'IF ” 500 W 


=24.2 Q 


(a) Then, Equation 27.10, R = ^ t , gives us the length of wire used: 


RA _(24.2 Q)^(2.50xl0“ 4 mf 
~p 1.50 xlO" 6 Q m 


=| 3.17 m 
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(b) From Equation 27.20, the resistance of the wire at this 
temperature is 

R =R 0 [l +aAT ] =24.2 Q[l +(0.400xl0" 3 )(l200-20)] 
=35.6 D 


The power delivered to the coil is then 
R 35.6 Q 1 - 1 

P27.52 We find the energy transferred into a number N of these clocks in one 
year: 

T Kl = ^total^ = ^^one docket 

= (270 x 10 6 clocks)(2.50 W/clock) 

x(365 d/yr)(24 h/d)(l kW/1000 W) 

= 5.91 x 10 9 kWh 


Divide this energy into the total cost claimed by the politician to find 
the cost of the electricity: 


cost = 


$100 x 10 6 
5.91 x 10 9 kWh 


= $0.017/kWh 


This is significantly lower than the average cost of electricity in the 
United States. While the situation is not actually impossible, the 
politician would have a better argument by using the actual average 
cost of electricity in the United States, which would raise his estimate 
of the total cost to operate the clocks to about $650 million every year. 

P27.53 At operating temperature, 

(a) P =IAV =(1.53 A)(120 V) = | 184 W | 


(b) Use the change in resistance to find the final operating 
temperature of the toaster. 

R =R 0 ( 1 +aAT) 


120 V 
1.53 A 


jnovv. 

U.80 aJL 


1 + 0.400x10 3 


(°c) -1 )atJ 


which gives 

AT =441 °C 


and T = 20.0°C + 441°C = |461°C] 
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P27.54 


P27.55 


P27.56 


Consider a 400-W blow dryer used for ten minutes daily for a year. 
The energy transferred to the dryer is 


P At =(400 J/s)(600 s/d)(365 d) 


o 7 jf imh t 1. 

\ 3 . 6 xlo 6 J J 


We suppose that electrically transmitted energy costs on the order of 
ten cents per kilowatt-hour. Then the cost of using the dryer for a year 
is on the order of 


Cost - (20 kWh)($0.10/kWh) =$2 | ~$1 | 


We first compute the power delivered to the resistor: 
p —lAV =(2.00 A)(120 V) =240 W 


The change in internal energy of the water as it is heated from 23.0°C 
to 100°C is 

A=(0.500 kg)(4186 J/kg- °c)(77.0°c) =161 kj 


The time interval required to heat the water is then 


A t= 


A E int 


(a) We know that 
efficiency ; 


_1.61xl0 5 J_ 
240 W 


_ mechanical power output 
total power input 

(2.50 hp)(746 W/l hp) 


=0.900 

(120 V) / 

from which, we calculate the current as 
1 860J/S _ 2 070 J/s _ 


/ = - 


0.9(120 V) 120 V 
(b) The energy delivered to the motor in 3.00 h is 

energy input =P input At=(l 070 J/s)[3.00(3 600 s)] 


=2.24 xlO 7 J= |22.4MJ| 

(c) At $0.110/kWh, the cost of running the motor for 3.00 h is 

' $ 0 . 110 ^| 


cost =(2.24xlO 7 j)(^Y 


)(- 

J h >1 

JU 0 3 

W s 3 600 s J 


|f1.6841 
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Additional Problems 


*P27.57 From Equation 27.22, P = 
needed in the wire is 


, we find that the total resistance 


R _Uvf_ _(20Vf _g 3 n 
P 48 W 

We then solve for the length of the wire from Equation 27.10: 

_RA _(8.3 Q)(4.0 xl0_6 m 2 ) in3 _fTT _ i— 


3.Ox 10 Q-m 


- =1.1 xlO 3 m = 1.1 km 


P27.58 At T 0 = 20.0°, R = R 0 . Then, from Equation 27.20, 

R=R 0 [l+a(r-r„)]= 2 R 0 

Solving for the change in temperature gives 

T-T =—= _ - _ 

0 a 3.9xlO’ 3 (°C) _1 

T -20.0°C =256°C -> T = |276°C| 

P27.59 We find the amount of current each headlight draws: 

P = ,A\^/ = ^ = ^ = 3.00A 
AV 12.0 V 

For two headlights, the total current from battery is 6.00 A. The battery 
rating is the total amount of charge the battery can deliver, without 
being recharged, over a time interval At at a rate (current) /: 

AQ = / At = 90.0 A • h 

The total time interval to discharge the battery is then 
At= AO = 90.0A-h =[i ^ K| 

/ 6.00 A 1 - 1 

P27.60 (a) P —lAV =^ ) —> R =^L 

W R P 


Lightbulb A: 


Lightbulb B: 


r= (A^ = (120V£ 

P 25.0 W 1 - 1 

rJa^JizoW 

P 100 W 1 - 1 


(b) 1 = 9-=7 ) At -° Ay -P- M - 

K At AV P 25.0 W 
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P27.61 


P27.62 


(c) [The charge is the same. It is at a location that is lower in potential. | 


(d) 


P 


At ^ P 


1.00 J 
25.0 W 


= 10.040 0 s | 


(e) 


(f) 


Because of energy conservation, the energy entering and leaving 
the lightbulb is the same. Energy enters the lightbulb by electric 
transmission and leaves by heat and electromagnetic radiation. 

A U =PAt =(25.0 J/s)(86 400 s/d)(30.0 d) =64.8xlO 6 J 


Cost =(64.8 x 10 6 


$0.110 03 

k 1 

f W-s) 

f h 1 

kWh J 

[lOOO J 

I j J 

[3 600 s J 


The resistance of one wire is 


0.500 Q 
mi 


1(100 mi) =50.0 Q. 


The whole wire is at nominal 700 kV away from ground potential, but 
the potential difference between its two ends is 

IR =(l 000 A)(50.0 Q) =50.0 kV 

Then it radiates as heat power 

p =IAV =(l 000 A)(50.0xl0 3 v) = |50.0 MW| 

, x „ RA (A V)A 

(a) From p =—— =— -- we compute 


£ (m) 

R(Q) 

p (Q-m) 

0.540 

7.25 

9.80 x lO' 7 

1.028 

14.1 

9.98 x 10“ 7 

1.543 

21.1 

1.00 xlO -6 


(b) 

(c) 


p = |9.93xl0 7 Q m| 

The average value is within 1% of the tabulated value of 
1.00 x 10“ 6 £2 ■ m given in Table 27.2. 
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P27.63 


P27.64 


The original stored energy is U E j = ^QAV, = • 

(a) When the switch is closed, charge Q distributes itself over the 
plates of C and 3C in parallel, presenting equivalent capacitance 


4C. Then the final potential difference is 


AV f = — 
f 4 C 


for both. 


(b) The smaller capacitor then carries charge CAV f = —C = | — |. 


The larger capacitor carries charge 3C— = 


30 

4 


(c) The smaller capacitor stores final energy ^ C ( AV f ) = ^ C ^ j = 

. The larger capacitor possesses energy 


32 C 


/ o Y 

30 2 

\4CJ 

32C 


(d) The total final energy is =—. The loss of potential 

32C 32C 8C 

energy is the energy appearing as internal energy in the resistor: 


O 2 O 2 

—— =——l-AE tat so AE m = 
2 C 8C * 


(a) The heater should put out constant power 

p _Q _mc(r f -T,) 

At At 

_ (0.250 kg)(4186 J/kg°c)(l00 o C-20°C) n min i 
(4 min) t 60 s J 

=349 J/s 

Then its resistance should be described by 
R P 349 J/s 
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Its resistivity at 100 °C is given by 

p =p 0 [l +a(T-T 0 )] =(l.50x 10~ 6 Q• m)[l +0.4x 10~ 3 (80)] 
=1.55 xlO" 6 Q m 

Then for a wire of circular cross section, from Equation 27.10, 



41.3 Q. =(l.55xl0“ 6 LI m) 

ncr 

=2.09x 10^/m or cF =( 4 .77 x 10~ 8 m) i 

One possible choice is £ = 0.900 m and d = 2.07 x 10^ m. If t and 
d are made too small, the surface area will be inadequate to 
transfer heat into the water fast enough to prevent overheating of 
the filament. To make the volume less than 0.5 cm 3 , we want £ 

and dless than those described by ^—£ = 0.5 x 10” 6 m 3 . 

3 4 

Substituting cf =(4.77 xlO -8 m)l gives 
^(4.77 xl0“ 8 m)^ 2 =0.5 x 10“ 6 m 3 , £ = 3.65 m and 
d = 4.18 x 10^ m. Thus our answer is: 

Any diameter d and length i related by cf = (4.77 x 10 -8 )£, 
where d and l are in meters. 


(b) [Yes; for V = 0.500 cm 3 of Nichrome, £ = 3.65 m and d= 0.418 mm.| 
*P27.65 The power the beam delivers to the target is 

p =l\V =(25.0xl0“ 3 a)(4.00x 10 6 V) =1.00xlO 5 W 


The mass of cooling water that must flow through the tube each 
second if the rise in the water temperature is not to exceed 50°C is 
found from 

Q =P At =(Am)cAT 


Therefore, 


Am _ P 

~aF~cat 


1.00xlO 5 J/s 
(4 186 J/kg-°C)(50.0°C) 


=| 0.478 kg/s] 
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P27.66 


P27.67 


(a) Since P = l AV, we have 

, P 8.00 x 10 3 W r——-i 
AV 12.0 V 1 - 1 

(b) From P = U / At, the time the car runs is 

* A U 2.00 x 10 7 J 3 

P 8.00 x 10 3 W 
So it moves a distance of 

Ax =vAt =(20.0 m/s)(2.50xl0 3 s) = | 50.0 km" 
(a) Assuming the change in V is uniform: 

dV[x) E AV _ (0-4.00 V) 

dx x ~ Ax ~ (0.500 m-0) 


E=~- 


48.00 V/m 


or 18.00 V/m in the positive X direction. | 

(b) From Equation 27.10, we have 

R J* J 4 "* 10-n m)(0.500m) 

A Trfl.OOxKT 4 m) 1 - 1 

(c) From Equation 27.7, 


R 0.637 Q 1 - 1 

(d) From Equation 27.5, the current density is given by 


/ 


6.28 A 


J - U =2.00 xio 8 A/m 2 = 200 MA/m 2 

A ^(l.OOx 10 -4 m) 1 - 


The field and the current are both in the X direction. 

(e) We intend to derive the equivalent of Equation 27.6. We start with 
the definition of current density,/ = I/A, and, using Equations 
27.7 and 27.10, note that the current is given by 

l_AV__El_EA 
R ~ R~ p 

Then, 

/ _ EA/p _E 
J A A p 
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P27.68 


P27.69 


E=pJ =(4.00xlO -8 Q m)(2.00xl0 8 A/m 2 ) = [81)0 V/m| 

(a) Assuming the change in V is uniform: 

E d/{x) E AV _ 0-V _ V 

x dx x Ax L -0 L 


Therefore, the electric field is | V/L in the positive X direction. | 

(b) From Equation 27.10, we have 

R = ^- = ^ = I 4pL/nd I 
A nd/ 4 :-1 


(c) From Equation 27.7, 

/ = A V/R = | Vnd/4pL | 


(d) From Equation 27.5, the current density is given by 


/ _ Vnd/^pL 
A nd /4 


| V/pL in the positive X direction 


The field and the current both have the same direction. 


(e) We intend to derive the equivalent of Equation 27.6. We start with 
the definition of current density, J = I/A, and, using Equations 
27.7 and 27.10, note that the current is given by 

AV_B_EA 
R ~ R~ p 

Then, 

/ _ EA / p _E 
J A A p 


so 


E = PJ=P 



v_ 

L 


Since there are 2 wires, the total length is t = 100 m. The resistance of 
the wires is 



(a) We find the potential difference at the customer's house from 

{AV) home =(A V^-IR =120 V-(llO A)(o.Q360 q) = | 116 V | 
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(b) The power delivered to the customer is 

p =l (\V) =(110 A)(ll6 V) = | 12.8 kW | 

(c) The power dissipated in the wires, or the energy produced in the 
wires, is 

Pwires =' 2R =(110 A) 2 (0.0360 q) = 1 436 W | 


P27.70 The original resistance is R, = pL JA r The new length is 


L = L i +8L i = L i (l + 8) 


(a) Constancy of volume implies AL = A J -, so 

^ _A i L i _ A j L j _ A, 

L L,( 1 +8) (1 +8) 

The new resistance is 

R = pL/(1 +5) =R (1 +<5) 2 =R (1 +28 +8 2 ) 

A A,/(l+<5) A ' A ^ 

(b) The result is exact if the assumptions are precisely true. Our 
derivation contains no approximation steps where delta is 
assumed to be small. 

P27.71 (a) A thin cylindrical shell of radius r, thickness dr, and length L 

contributes resistance 


dR 


_ pd< _ pdr f p )dr 


A (lnr)L {2nLJ r 


The resistance of the whole annulus is the series summation of the 
contributions of the thin shells: 




2 %L 


2nL 


(b) In this equation —- = R ln[ — 


/ 2nL 


Solving, we get 


P = 


2nLAV 


lMr b /r a ) 
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P27.72 The value of 11.4 A is what results from substituting the given voltage 
and resistance into Equation 27.7. However, the resistance measured 
for a lightbulb with an ohmmeter is not the resistance at which it 
operates because of the change in resistivity with temperature. The 
higher resistance of the filament at the operating temperature brings 
the current down significantly. 

P27.73 Let a be the temperature coefficient at 20.0°C, and d be the 

temperature coefficient at 0°C. Then p =p 0 [l +a[T- 20.0°C)] and 
p =p'[l +a' (T - 0°C)] must both give the correct resistivity at any 
temperature T. That is, we must have: 

p 0 [ 1 +a (T - 20.0 °C) ] =p' [ 1 +a' (T - 0 °C) ] [1] 

Setting T = 0 in equation [1] yields: 
p' = p 0 [l-a(20.0°C)] 

and setting T = 20.0°C in equation [1] gives: 

A =p'[ 1 +a'(20.0°C)] 


Substitute p' from the first of these results into the second to obtain: 
A, =A[l-a(20.0°C)][l +a'<20.0°C)] 


Therefore, 


l+a'(20.0°C) 


1 

l-a(20.0°C) 


which simplifies: 

a'(20.0°C) 

a'(20.0°C) 


1 1 _ l-[l-a(20.0°C)] 

l-a(20.0°C) 1 l-a(20.0°C) 

a(20.0°C) ,_ a 

l-a(20.0°C)^ a l-a(20.0°C) 


Therefore, 

, = a = 3.8 xlO -3 (°C) _1 

“ [l-a(20.0°C)] [l-(3.8xl0‘ 3 (°C)“ 1 )(20.0°C)] 

= |4.1xl0~ 3 (°CT^ 
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P27.74 


P27.75 


P27.76 


(a) We begin from AV = -E-£ or cA/ = -E dx. Then, 
A V = -IR = -E£ 
and the current is 


,^ = E_l = A Et= A E= 

dt R p£ p 


n dV 

■oA — = 
dx 


A] dV 
oA\— 
dx 


(b) Current flows in the direction of decreasing voltage. Energy flows 
by heat in the direction of decreasing temperature. 

We begin with 


R _p£_ _ P 0 [^MT 7~o)]lo[l [T 7- 0 )] 
A 0 [l+a'(T-T 0 )] 2 
_ p 0 £ 0 1 +a (T - T {) ) 

A 0 1 +a'(T-T 0 ) 


For copper (for T 0 = 20.0°C): p 0 = 1.700 x 10 8 Q ■ m, 
a =3.900 x 10~ 3 °C ~ 1 , and a' =17.00 x 10“ 6 °C“ 1 . Then, 

R _ Po4^ +a t r ~S 

A 0 l+a'[T-T 0 ) 


(l.700x 10" 8 )(2.000) 

'l +(3.900xhT 3 °C- 1 )(80.00°C)' 

/r(0.1000xhT 3 ) 2 

1 +(l7.00 x 10 -6 “C^ 1 )(80.00°C) 


R = | 1.418 Q | 


The wire has length i , and radius r; its cross-sectional area is A ( tjX 2 , if 
circular), which is proportional to r 2 . Because both £ and r change with 
a temperature variation AT according to L =L 0 (l +a'AT), the cross- 
sectional area changes according to ^ ^ +a'AT) 2 


pi _ 

Calling R 0 = at temperature T 0 , we have 


_P s lg , R _ p,[l +a(T-r 0 )]/ o [l +a , (r-T II )] 
A, ^ A„[l+a’(T-T,)] 2 

_P*. [l+a(T-T„)] 

A, [i+a'(r-r 0 )] 
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P27.77 


P27.78 


which gives 


1 Hx(T-T„) 
°l+a'(T-Tj 


(a) Think of the device as two capacitors in parallel. The one on the 
left has k 1 = 1, A 1 +xj l . The equivalent capacitance is 

SaA =^{ l - +x \ +^( i- x ) 
d # d {2 J d {2 J 


^4{£+2x+k£-2kx) 

2d 


(b) The charge on the capacitor is Q = CAV 

0 = g ° £A / {i +2x +k i - 2 kx) 

2d 

The current is 

i o +2 +o~2k)v - e " MW ' 


(x-l) 

dt dxdt 2d d 

The negative value indicates that the current drains charge from 

the capacitor. Positive current is [ 


clockwise e o 


(a) The resistance of the dielectric block is R = . 

A ov4 

The capacitance of the capacitor is C = 

d /c ^ A k* € 

Then RC = —--— =-- is a characteristic of the material 

oA d o 

only. 

(b) The resistance between the plates of the capacitor is 

D - KS 6 0 

_(75xlO 16 Q m)(3.78)(8.85xl0~ 12 C 2 /N-m 2 ) 


14.0 xlCT 9 F 


=| 1.79xlO ir o] 
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P27.79 


P27.80 


The volume of the gram of gold is given by p = —. 

V =- = - 10 _ kg . _ =5.18 xlO -8 m 3 =A (2.40xlO 3 m) 

p 19.3xl0 3 kg/m 3 v ' 

Then, A = 2.16 x 10“ n m 2 and the resistance is 

o£ (2.44xHT 8 n-m)(2.4xlO 3 m) ,--—, 

R =*— =--^ s = 2.71 xlO 6 Q 

A 2.16x10 m 1 - 1 

[" f I AV 

Evaluate / = / 0 expl \ ~ ^ an d R = —j~ with 

l 0 = 1.00 x 10" 9 A, e= 1.60 x 10“ 19 C, and kg = 1.38 x 10" 23 J/K. 


Parts (a) and (b): The following includes a partial table of calculated 
values and a graph for each of the specified temperatures. 


(i) For T = 280 K: 


AV(v) 

/(A) 

*(n) 

0.400 

0.015 6 

25.6 

0.440 

0.0818 

5.38 

0.480 

0.429 

1.12 

0.520 

2.25 

0.232 

0.560 

11.8 

0.047 6 

0.600 

61.6 

0.009 7 


T = 280 K 


25 





)0 


V 




i 20_ 

\ 




O 15 

\ 




(X 10 ‘ 

V 









0 -i 
0.' 

40 0.4 

15 0.. 

delta V (V 

50 0.! 

r olts) 

55 0.< 


ANS. FIG. P27.80(i) 
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(ii) For T = 300 K: 


AV (V) 

1(A) 

*(«) 

0.400 

0.005 

77.3 

0.440 

0.024 

18.1 

0.480 

0.114 

4.22 

0.520 

0.534 

0.973 

0.560 

2.51 

0.223 

0.600 

11.8 

0.051 


7 = 300 K 


1UU 

on. 





30 

In 8U 





O 4Q. 

\ 




20 - 

\ 









0 H 
0.' 

10 0. 

45 0.1 

delta V ( 

50 0.1 

Volts) 

55 0.1 


ANS. FIG. P27.80(ii) 

(iii) For T = 320 K: 

av(v) /(A) R[ Q) 


0.400 

0.002 0 

203 

0.440 

0.008 4 

52.5 

0.480 

0.035 7 

13.4 

0.520 

0.152 

3.42 

0.560 

0.648 

0.864 

0.600 

2.76 

0.217 


7 = 320 K 



V 




50 


\ 




Jl 120" 

O 80- 





« 40- 










o-l 

0. 

.40 0c 

45 0.! 

delta V t 

50 0.! 

(Volts) 

55 0.( 


ANS. FIG. P27.80(iii) 
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P27.81 


To find the final operating temperature, we begin with 

R =fl„[i+a(r-r 0 )] 

and solve for the temperature T : 



In this case, / = 


7=7,+1(9) =20”+- 


0.004 50/°C 


=1 2 020 °C I 


Challenge Problems 

P27.82 (a) We are given 


1 dp 

a = 

p dr 
’dp 


Separating variables, J P — = j^adT. We integrate, on both 

sides, from the physical situation at temperature T 0 to that at 
temperature T. 

Integrating both sides, ln(p/p 0 ) = a(T - T 0 ) 

Thus I p =p 0 £f (T " To) I 


(b) From the series expansion ~ l +x, with X much less than 1, 
[p~p 0 [l+a(T-T 0 )] | 

A spherical layer within the shell, with radius r and thickness dr, has 
resistance 


dR = 


pdr 

47tr* 


The whole resistance is the absolute value of the quantity 

R =\ b dR =f I =—£-(-1*1. 

Ja Jl - a 4 nr 2 4 K -V A ~' - " 1 /1 - 1 - " 


4 7r{r a 
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P27.84 


P27.85 


Refer to ANS. FIG. P27.84. The current flows 
generally parallel to L. Consider a slice of the 
material perpendicular to this current, of 
thickness dx, and at distance x from face A. 
Then the other dimensions of the slice are w 

y — y y — y 

and y, where by proportion 1 = 2 . 1 




FaceB-i l 


Tl +—L - + 

ANS. FIG. P27.84 


so y =y 1 +(y 2 - y)—. The bit of resistance which this slice contributes is 


dR _ pdx _ pdx _ 


pdx 


A w(y 1 +(y 2 -y 1 )(x/L)) 

The whole resistance is that of all the slices: 

R = f dR = [—r - , pdx -tt 

Jo w(y 1 + (y 2 -y 1 )(x/L)) 

= P L r ((y^-yJ/Q^ 

w y 2 -y ] x ^ y, + (y 2 -y,)(x/L) 
With U =y i +(y 2 - y,) ^ this is of the form J —, so 

R = w(yf-y,) ' n h ^-y.Jh/UL 


-7 ——v(ln y 2 - In yj = , — rln^ 

w-yJ wta-yj y 


From the geometry of the longitudinal section of 
the resistor shown in ANS. FIG. P27.85, we see that 

[b- r) _[b-a) 

y h ANS. FIG. P27.85 

From this, the radius at a distance y from the base 

/ \ y pdy 

is r =(a- b)— +b. For a disk-shaped element of volume dR = —-: 

h r nr 


R=Pj 

K J 


dy 


nl[[a-b)(y/h) +b] 2 
du 


r UU i 

Using the integral formula J =~ 


R = pA 

n ab 
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lNSWERS to even-numbered problems 


P27.2 

2k 

P27.4 1.05 mA 

P27.6 (a) 5.57 x 10” 5 m/s; (b) The drift speed is smaller because more 

electrons are being conducted. 

P27.8 (a) 99.5 kA/m 2 ; (b) The current is the same; (c) The current density is 

smaller; (d) 0.800 cm; (e) / = 5.00 A; (f) 2.49 x 10 4 A/m 2 

P27.10 (a) 2.21 x 10” 7 m; (b) The potential of the nearest neighbor is very small 

compared to the 2 MV accelerating potential, so repulsion within the 
beam is a small effect. 

P27.12 0.256 C 

P27.14 500 mA 

P27.16 6.43 A 

P27.18 1.29 

P27.20 (a) &(b) Tf-25-1 

)lPPm \K{p m RJ 

P27.22 (a) unaffected; (b) doubles; (c) doubles; (d) unchanged 

P27.24 (a) 5.58 x 10' 2 kg/mol; (b) 1.41 x 10 5 mol/m 3 ; (c) 8.49 x 10 28 ; 

m 

(d) 1.70 x 10 29 electrons/m 3 ; (e) 2.21 x 10” 4 m/s 
P27.26 T = 1.44 x 10 3 °C 
P27.28 1.98 A 

P27.30 (a) 1.22 Q; (b) 8.00 x 10“* increase 

P27.32 (a) The design goal can be met; (b) 4 = 0.898 m and l 2 = 26.2 m 

P27.34 1.71 Q 

P27.36 (a) 3.00 x 10 8 W; (b) 1.75 x 10 17 W 

P27.38 7.50 W 

P27.40 15.0 jUW 

P27.42 6.53 Q 

P27.44 (a) $1.48; (b) $0,005 34; (c) $0,381 
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P27.46 (a) 2.1 W; (b) 3.42 W; (c) It would not be as safe. If surrounded by 

thermal insulation, it would get much hotter than a copper wire. 

P27.48 $0,319 

P27.50 (a) 0.530; (b) 221 J; (c) 15.1°C 

P27.52 See P27.52 for full explanation. 

P27.54 ~ $1 

P27.56 (a) 17.3 A; (b) 22.4 MJ; (c) $0,684 

P27.58 276°C 

P27.60 (a) Lightbulb A = 576 £2 and Lightbulb B = 144 Q; (b) 4.80 s; (c) The 

charge is the same. It is at a location that is lower in potential; 

(d) 0.040 0 s; (e) The energy is the same. Energy enters the lightbulb by 
electric transmission and leaves by heat and electromagnetic radiation; 
(f) $1.98 

P27.62 (a) See the table in P27.62(a); (b) 9.93 x 10“ 7 Q • m; (c) The average value 

is within 1% of the tabulated value of 1.00 x 10“ 6 Q ■ m given in Table 
27.2. 

P27.64 (a) Any diameter d and length t related by cf =(4.77 x 10” 8 )l , where d 

and £ are in meters; (b) Yes; for V = 0.500 cm 3 of Nichrome, t = 3.65 m 
and d = 0.418 mm. 

P27.66 (a) 667 A; (b) 50.0 km 

P27.68 (a) V/L in the positive X direction; (b) 4 pL/nd ; (c) Vnd / 4 pL ; 

f V ^ V 

(d) V/pL in the positive X direction; (e) pj = p\ — = — = E 

VP L J L 

P27.70 See P27.70(a) for the full explanation; (b) The result is exact if the 
assumptions are precisely true. Our derivation contains no 
approximation steps where delta is assumed to be small. 

P27.72 The value of 11.4 A is what results from substituting the given voltage 
and resistance into Equation 27.7. However, the resistance measured 
for a lightbulb with an ohmmeter is not the resistance at which it 
operates because of the change in resistivity with temperature. The 
higher resistance of the filament at the operating temperature brings 
the current down significantly. 

IcA/l 

P27.74 (a) oA — ; (b) Current flows in the direction of decreasing voltage. 

dx\ 

Energy flows by heat in the direction of decreasing temperature. 
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P27.76 

P27.78 

P27.80 

P27.82 

P27.84 


R=R 0 


1 +g(T-T 0 ) 
1 +a'(T-T 0 ) 


(a) See P27.78 for full explanation; (b) 1.79 x 10 15 Q 

(a) See Table P27.80 (i), (ii), and (iii); (b) See ANS. FIG. P27.80 (i), (ii), 
and (iii). 

(a) p =p„^ T - T ' ) : (b) p» p 0 [l +a(r-T 0 )] 
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OQ28.5 

OQ28.6 

OQ28.7 

OQ28.8 

OQ28.9 

OQ28.10 

OQ28.11 

OQ28.12 



Answer (b). When the two identical resistors are in series, the current 
supplied by the battery is / = AV/2R, and the total power delivered 
is P s =[AV )l =[AV f /2R . With the resistors connected in parallel, the 
potential difference across each resistor is AV and the power 
delivered to each resistor is P 1 =[AV f /R. Thus, the total power 
delivered in this case is 


P p =2 P 1 =2 


(A Vf 
R 


=4 


(AV) 2 ' 

2 R 


=4P s =4(8.0 W) =32 W 


Answer (a), (d). According to the relationship for resistors in series, 

R eq =R 1 +R 2 +’ ’' 

the sum R eq is always larger than any of the resistances R v R v etc. 

Answer (d). The equivalent resistance for the series combination of 
five identical resistors is R eq = 5R, and the equivalent capacitance of 
five identical capacitors in parallel is C eq = 5C. The time constant for 
the circuit is therefore z =R eq C eq =(5R)(5C) =25RC. 

Answers (b) and (d). The current is the same in each series resistor, as 
described by Kirchhoff's junction rule. The potential difference in 
each resistor is different because A V = IR and each R is different. 

Answer (a). The potential is the same across each parallel resistor, 
but the current and power in each resistor is different because 
/ = AV/R and P = I AV and each R is different. 

Answer (b) and (c). The same potential difference exists across all 
elements connected in parallel with each other, while the current 
through each element is inversely proportional to the resistance of 
that element (/ =A V/R). 

Answer (b). Each headlight's terminals are connected to the positive 
and negative terminals of the battery so that each headlight can 
operate if the other is burned out. 

(i) The ranking of potentials are: a>d >b=C>e For both batteries to 
be delivering electric energy, currents are in the direction a to b, and d 
to C r and so current flows downward through e Point eis at zero 
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potential. Points band Care at the same higher potential, d (equal to 9 
V) is still higher, and a (equal to 12 V) is highest of all. 

(ii) The ranking of magnitudes of current are: e>a=b>C=d. The 
current through emust be the sum of the other two currents. The 
change in potential from a to bis greater than the change in potential 
from d to C, so the current from a to bmust be greater. 

OQ28.13 Answer (b). According to the relationship for resistors in parallel, 

1 _ 1 1 

the larger the sum on the right-hand side of the equation, 

1/R, +1/ R 2 +•■■, the smaller the equivalent resistance R eq ; therefore, 
R eq is always smaller than any of the resistances R,, R v etc. 

OQ28.14 Answers: (i) (b) (ii) (a) (iii) (a) (iv) (b) (v) (a) (vi) (a). Closing the 
switch lights lamp C. The action increases the battery current so it 
decreases the terminal voltage of the battery. Lamps A and B are in 
series, so they carry the same current, but when the terminal voltage 
of the battery drops, the total voltage drops across lamps A and B 
combined, thus reducing the potential difference across each. Total 
power delivered to the lamps increases because the current through 
the battery increases. 

OQ28.15 Answers: (i) (a) (ii) (d) (iii) (a) (iv) (a) (v) d (vi) (a). Closing the switch 
removes lamp C from the circuit, decreasing the resistance seen by 
the battery, and so increasing the current in the battery. Lamps A and 
B are in series, so the potential difference across each is proportional 
to the current. Total power delivered to the lamps increases because 
the current through the battery increases. 


JMSWERS TO CONCEPTUAL QUESTIONS 


CQ28.1 (a) No. As is the case with the bird in CQ28.3, the resistance of a 

small length of wire is small, so the potential change along that 
length is small. 

(b) No! When she eventually touches the ground, she will act as a 
connection to ground, resulting in perhaps several thousand 
volts across her. 

CQ28.2 Answer their question with a challenge. If the student is just looking 
at a diagram, provide the materials to build the circuit. If you are 
looking at a circuit where the second bulb really is fainter, get the 
student to unscrew them both and interchange them. But check that 
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the student's understanding of potential has not been impaired: if 
you add wires to bypass and short out the first bulb, the second gets 
brighter. 

CQ28.3 Because the resistance of a short length of wire is small, the change in 
potential along that length is small; therefore, there is essentially zero 
difference in potential between the bird's feet. Then negligible current 
goes through the bird. The resistance through the bird's body 
between its feet is much larger than the resistance through the wire 
between the same two points. 

CQ28.4 

-Q -TZ3 tQIQ 


CQ28.5 


CQ28.6 


CQ28.7 


■€313 ~rL 

Two runs in series: n/VW— Ufh = one run down one slope followed 
by a second run down a second slope. 

I—M/Y—| 

Three runs in parallel: ———1— = parallel runs down the same hill 

—MV— 

so that the change in elevation is the same for each. 

Junction of one lift and two runs: ~^ 

Gustav Robert Kirchhoff, Professor of Physics at Heidelberg and 
Berlin, was master of the obvious. A junction rule: The number of 
skiers coming into any junction must be equal to the number of 
skiers leaving. A loop rule: the total change in altitude must be zero 
for any skier completing a closed path. 

The bulb will light up for a while immediately after the switch is 
closed. As the capacitor charges, the bulb gets progressively dimmer. 
When the capacitor is fully charged the current in the circuit is zero 
and the bulb does not glow at all. If the value of RC is small, this 
whole process might occupy a very short time interval. 

(a) The hospital maintenance worker is right. A hospital room is 
full of electrical grounds, including the bed frame. If your 
grandmother touched the faulty knob and the bed frame at the 
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CQ28.8 


CQ28.9 


CQ28.10 


same time, she could receive quite a jolt, as there would be a 
potential difference of 120 V across her. If the 120 V is DC, the 
shock could send her into ventricular fibrillation, and the 
hospital staff could use the defibrillator you read about in 
Chapter 26. If the 120 V is AC, which is most likely, the current 
could produce external and internal burns along the path of 
conduction. 

(b) Likely no one got a shock from the radio back at home because 
her bedroom contained no electrical grounds—no conductors 
connected to zero volts. Just like the bird in CQ28.3, granny 
could touch the "hot" knob without getting a shock so long as 
there was no path to ground to supply a potential difference 
across her. A new appliance in the bedroom or a flood could 
make the radio lethal. Repair it or discard it. Enjoy the news 
from Lake Wobegon on the new plastic radio. 

(a) Both 120-V and 240-V lines can deliver injurious or lethal 
shocks, but there is a somewhat better safety factor with the 
lower voltage. To say it a different way, the insulation on a 120- 
V line can be thinner. 

(b) On the other hand, a 240-V device carries less current to operate 
a device with the same power, so the conductor itself can be 
thinner. Finally, the last step-down transformer can also be 
somewhat smaller if it has to go down only to 240 volts from the 
high voltage of the main power line. 

No. If there is one battery in a circuit, the current inside it will be 
from its negative terminal to its positive terminal. Whenever a 
battery is delivering energy to a circuit, it will carry current in this 
direction. On the other hand, when another source of emf is charging 
the battery in question, it will have a current pushed through it from 
its positive terminal to its negative terminal. 

In Figure 20.13, temperature is similar to electric potential, and 
temperature difference AT = T h -T c is similar to voltage AV. Energy 
transfer is similar to electric current. The upper picture is similar to a 
series circuit, where the resistors (rods) carry the same current 
(energy transfer by conduction), and the sum of the voltages 
(temperature differences) across the rods equals the total voltage 
(total temperature difference) across both resistors (rods). The lower 
picture is similar to a parallel circuit, where the resistors (rods) have 
the same voltage (temperature difference) but carry different currents 
(energy transfer by conduction). 
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SOLUTIONS TO END-OF-CHAPTER PROBLEMS 


Section 28.1 Electromotive Force 

P28.1 (a) Combining Joule's law, P = IAV, and 

the definition of resistance, AV = IR, gives 

(A V) 2 _ (11.6 V) 2 


R 


20.0 W 


= |6.73 Q| 


(b) The electromotive force of the battery must 
equal the voltage drops across the 
resistances: £ = IR + Ir, where / = A V/R. 

_[e-lR) _(e-A V)R 

r I AV 

_(15.0 V-11.6 V)(6.73 Q) .pn+TTTl 
11.6 V 1 1 

The total resistance is R - V = 5.00 Q. 

0.600 A 


1 

T 



1.50 V 

1.50 V 

il 


(b) 


‘batteries _ 

P total (5.00 Q)/ 2 
(a) Here £ =l(R + r), 


- =0.081 6 = | 8.16% | 


R +r (5.00 Q +0.080 0 Q) 
=2.48 A. 



a5.o v 

III 


t / 

! 1 1+ "W 


11.6V /J 

R 

-m— 


ANS. FIG. P28.1 


ANS. FIG. P28.2 

(a) R lamp = R- r batteries = 5.00 Q-0.408 Q = | 4.59 Q | 
P hattprips (0.408 Q)l 2 


Then, 


ANS. FIG. P28.3(a) 


AV =IR =(2.48 A)(5.00 Q) 
= | 12.4 V~1 
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L 


(b) Let l 1 and l 2 be the currents 
flowing through the battery 
and the headlights, respectively. 

Then, 



> 

vq 


/, = / 2 + 35.0 A 
and £-l 1 R-l 2 R = 0 


so 


ANS. FIG. P28.3(b) 


£ =(/ 2 +35.0 A)(o.080 0 Q.) 

+/ 2 (5.00 Q) =12.6 V 
giving \ 2 = 1.93 A. 

Thus, 

AV 2 =(1.93 A)(5.00 Q) = | 9.65 V | 


P28.4 (a) At maximum power transfer, r = R. Equal powers are delivered to 


r and R. The efficiency is [50.0%| . 

(b) For maximum fractional energy transfer to R, we want zero 
energy absorbed by r, so we want r = |o]. 

(c) [High efficiency-1 The electric company's economic interest is to 
minimize internal energy production in its power lines, so that it 
can sell a large fraction of the energy output of its generators to 
the customers. 

(d) [High power transfer] Energy by electric transmission is so cheap 
compared to the sound system that she does not spend extra 
money to buy an efficient amplifier. 


Section 28.2 Resistors in Series and Parallel 


P28.5 (a) Since all the current in the circuit must pass 

through the series 100-Q resistor, 

P max = l 2 max R 


100 Q 



ANS. FIG. P28.5 



so 
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P28.6 


P28.7 


A\/ max = RJ max = | 75.0 V | 

(b) From a to bin the circuit, the power delivered is 


Series = | 25.0 W | for the first resistor, and 
=' 2 « =(0.250 A) 2 (100 u)=j_t,23W 
for each of the two parallel resistors. 

(c) P =IAV =(0.500 A)(75.0 V) =1 37.5 W I 


(a) 


The 120-V potential difference is applied across the series 
combination of the two conductors in the extension cord and 
the lightbulb. The potential difference across the lightbulb is 
less than 120 V, and its power is less than 75 W. 


(b) See the circuit diagram in ANS. FIG. P28.6; 
the 192-Q resistor is the lightbulb (see 
below). 

(c) First, find the operating resistance of the 
lightbulb: 

P-W 

R 

nr p _( A ^r _ (i2p v) 2 


0.800 Q 

p 120 V 192 Q 

0.800 Q 

I-WA- 


ANS. FIG. P28.6 


192 Q 

P 75.0 W 

From the circuit, the total resistance is 193.6 Q. The current is 


193.6 Q 

so the power delivered to the lightbulb is 
P =I 2 AR =(0.620 A) 2 (192 Q) = |73.8 W| 

The equivalent resistance of the parallel combination of three identical 
resistors is 

1 _! , 1 , 1 _ 3 D R 
R p R, R 2 R 3 R ° r 3 

The total resistance of the series combination between points a and bis 
then 

R^ =R +R +R =2 R +— = -R 

* p 3 3 
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P28.8 


P28.9 


(a) By Ohm's law, the current in A is | l A = £/R | . The equivalent 
resistance of the series combination of bulbs B and C is 2R. Thus, 
the current in each of these bulbs is |/ B = l c = £/2 R I. 


(b) 


B and C have the same brightness because they carry the same 
current. 


(c) | A is brighter than B or C because it carries twice as much current. | 


If we turn the given diagram on its side and change the lengths of the 
wires, we find that it is the same as ANS. FIG. P28.9(a). The 20.0-Q and 
5.00-Q resistors are in series, so the first reduction is ioq , e „ 

shown in ANS. FIG. P28.9(b). In addition, since the 
10.0-Q, 5.00-Q, and 25.0-Q resistors are then in 
parallel, we can solve 
for their equivalent resistance as: 



i __:=_ 1 _. -I- 1 _ | - 1 _> R =2 94 Q 

R 10.0 Q -5.00 a ^25.0 Q e i 

eq 

This is shown in ANS. FIG. P28.9(c), which in turn 
reduces to the circuit shown in ANS. FIG. P28.9(d), 
from which we see that the total resistance of the 
circuit is 12.94 Q. 


Next, we work backwards through the diagrams 

, AV 

applying / = and AV = IR alternately to every 

resistor, real and equivalent. The total 12.94-Q 
resistor is connected across 25.0 V, so the current 
through the battery in every diagram is 



25.0 V 
12.94 Q 


= 1.93 A 


In ANS. FIG. P28.9(c), this 1.93 A goes through 
the 2.94-Q equivalent resistor to give a potential 
difference of: 


ANS. FIG. P28.9 


AV =IR =(1.93 A)(2.94 Q) =5.68 V 


From ANS. FIG. P28.9(b), we see that this potential difference is the 
same as the potential difference AV across the 10-Q resistor and the 
5.00-Q resistor. 
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Thus we have first found the answer to part (b), which is 

AV *iSSt2 


P28.10 


P28.ll 


Since the current through the 20.0-0 resistor is also the current through 
the 25.0-0 line ab, 


A\4, _ 5.68 V 
R# ~ 25.0 O 


0.227 A = | 227 mA 


(a) 


Connect two 50-0 resistors in parallel to get 25 O. Then 
connect that parallel combination in series with a 20-0 for 
a total resistance of 45 O. 


(b) 


Connect two 50-0 resistors in parallel to get 25 O. Also, connect 
two 20-0 resistors in parallel to get 10 O. Then, connect these two 
combinations in series with each other to obtain 35 O. 


When S is open, R„ R 2 , and R 3 are in series with the battery. Thus, 


6 V 

R, +R, +R 3 = , =6 kO 

1 2 3 1CT 3 A 


[ 1 ] 


When S is closed in position a, the parallel combination of the two R 2 's 
is in series with R v R 3 , and the battery. Thus, 


R, +-R 2 +R 3 

1 r, 2 3 


[ 2 ] 


When S is closed in position b, R 1 and R 2 are in series with the battery 
and R 3 is shorted. Thus, 


6 V 

R, +m= sS =3 kO [3] 

2 x 10" 3 A 

Subtracting [3] from [1] gives R 3 = 3 kO. 

Subtracting [2] from [1] gives R 2 = 2 kO. 

Then, from [3], R x = 1 kO. 

Answers: (a) |R X = 1,00 kO| (b) |R 2 =2.00 kO| (c) |R 3 = 3.00 kO| 

P28.12 When S is open, R v R 2 , and R 3 are in series with the battery. Thus, 

Ri +R 2 +R 3 —— [1] 

'o 
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When S is closed in position a, the parallel combination of the two R 2 's 
is in series with R v R 3 , and the battery. Thus, 


R, +-R 2 +R 3 =— 
2 2 3 L 


[ 2 ] 


When S is closed in position b, R, and R 2 are in series with the battery. 
R, is shorted. Thus: 


R 1+ R 2 =f- 

l b 

Subtracting [3] from [1] gives 

(R, +R 2 +R 3 )-(Rj +R 2 ) = j-~j- 


“K 


Subtracting [2] from [1] gives 

(r, +r 2 +r 3 )-(r 1 +-r 2 +R 3 1 =- 


[3] 


f-f 

*o ' ■ 

1 

/ n / 


Then, from [3], 


R x +R 2 

'b 

R,=f-R 2 


R,=f-2e --- 


R -el 2 + 2 + 1 

1 1 lW 
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*P28.13 


P28.14 


P28.15 


(a) The equivalent resistance of the two 
parallel resistors is 


(1/7.00 Q) +(1/10.0 Q) ' 



Thus, 


R s =R 1 +R 2 +R 3 =4.00 +4.12 +9.00 ANS. FIG. P28.13 
= | 17.1 Q | 

(b) AV = IR 

34.0 V=/(17.1 Q) 

/ = 11.99 jy for the 4.00-Q and 9.00-Q resistors. 

Applying AV = IR, 

(1.99 A)(4.12Q) =8.18 V 
8.18 V =/(7.00 Q) 

so / = | 1.17 A | for the 7.00-Q resistor. Finally, 

8.18 V =/(10.0 Q) 


so / = | 0.818 A | for the 10.0-Q resistor. 

(a) The resistance between a and b [decreases] The original resistance 
is 

1 


R +- 


=R +50 Q 


l l 

- 1 - 

90 +10 10 +90 

Closing the switch changes the resistance to 
1 1 


1 


1 


=R +18 Q 


90 10 10 90 

(b) We require R + 18 Q = 0.50 (R + 50 Q), so R = |l 

Denoting the two resistors as X and y, and suppressing units, 

111 
x + y= 690, and —— = +- 
150 x y 

1 = 1 | 1 _ (690-x)+x 

150 x 690-x x(690-x) 
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x 2 -690x+103 500 =0 
% _690 (690 ) 2 - 414 000 

2 

X= | 470 Q I y= | 220 Q | 


P28.16 (a) The resistors 2, 3, and 4 can be combined to a single 2R resistor. 

This is in series with resistor 1, with resistance R, so the 
equivalent resistance of the whole circuit is 3 R. In series, potential 
difference is shared in proportion to the resistance, so resistor 1 

gets ^ of the battery voltage and the 2-3-4 parallel combination 
gets | of the battery voltage. This is the potential difference 
across resistor 4, but resistors 2 and 3 must share this voltage. ^ 
goes to 2 and to 3. The ranking by potential difference is 
AV 4 >AV 3 >AV, >av 2 


Based on the reasoning above the potential differences are 


av^,av 2 = ™,av 3 = ^,av, = ™ 

1 3 2 9 3 9 * 3 


(b) All the current goes through resistor 1, so it gets the most. The 
current then splits at the parallel combination. Resistor 4 gets 
more than half, because the resistance in that branch is less than 
in the other branch. Resistors 2 and 3 have equal currents because 
they are in series. The ranking by current is 

/ 1 >/ 4 >/ 2 =/ 3 

Resistor 1 has a current of /. Because the resistance of 2 and 3 in 
series is twice that of resistor 4, twice as much current goes 
through 4 as through 2 and 3. The current through the resistors 
are 


(c) Increasing resistor 3 increases the equivalent resistance of the 
entire circuit. The current in the circuit, which is the current 
through resistor 1, decreases. This decreases the potential 
difference across resistor 1, increasing the potential difference 
across the parallel combination. With a larger potential difference 
the current through resistor 4 is increased. With more current 
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P28.17 
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through 4, and less in the circuit to start with, the current through 
resistors 2 and 3 must decrease. To summarize. 


| / 4 increases and /,, / 2 , and/ 3 decrease | 


(d) If resistor 3 has an infinite resistance it blocks any current from 
passing through that branch, and the circuit effectively is just 
resistor 1 and resistor 4 in series with the battery. The circuit now 
has an equivalent resistance of 4 R. The current in the circuit drops 

to | of the original current because the resistance has increased 

4 

by —. All this current passes through resistors 1 and 4, and none 
passes through 2 or 3. Therefore, 


1 4 2 3 ' 4 


(a) The parallel combination of the 6.0 £2 and 12 £2 resistors has an 
equivalent resistance of 

1 1 | 1 = 2+1 
R pl _ 6.0 £2 12 £2 _ 12 £2 


or ^ = ^ = 4.00 


Similarly, the equivalent resistance of the 4.0 £2 and 8.0 £2 parallel 
combination is 


1 1 | 1 _ 2 +1 
R p2 _ 4.0 £2 8.0 £2 _ 8.0 £2 


The total resistance of the series combination between points a 
and his then 


= R P i +5.0 £2 +fi p . =4.0 £2 +5.0 £2 +^ £2 

=^£2=[TTy£2] 
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P28.18 


(b) If AV^ = 35 V, the total current from ato b is /^ = AV^/R^ = 

35 V/(35 Q/3) =3.0 A and the potential differences across the two 
parallel combinations are 

AVpi =IJ* pl =(3.0 A)(4.0 Q) =12 V 


and A\/ p2 =ij\ p2 =(3.0 A) ^ £lj = 8.0 V 


so the individual currents through the various resistors are: 
/ v> = AVp /12 Q = [L0~a1 
l 6 = AV pl /6.0 Q = |2.0A| 

l s = l»=WM 


/ r = A\Z p9 /8.0 Q = [L0 ~a 1 
and /. = A\Z p? /4.0Q = |2.0 A| 


We assume that the metal wand makes low-resistance contact with the 
person's hand and that the resistance through the person's body is 
negligible compared to the resistance R shoes of the shoe soles. The 
equivalent resistance seen by the power supply is 1.00 M£2 + R shoes . The 

current through both resistors is f ^ ^_ -. The voltmeter 


displays 


AV =/( 1.00 MQ) 
AV 50 -° V 


1.00 MQ +«, h 


1.00 MQ +R ah 


- =1.00 MQ 


(a) We solve to obtain 

50.0 V(l.00 MQ) =AV (l.OO MQ) +A v[R a 
_(1.00 MQ)(50.0-A1/) 


p —A: 

^ shops — 


AV 


or 


50.0-At/ 
AV 


where resistance is measured in MQ. 
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(b) With R shoes —> 0, the current through the person's body is 


- : -=50.0 uA I The current will never exceed 50 pA. 

1.00 MQ 1 - 

P28.19 To find the current in each resistor, we find the resistance seen by the 
battery. The given circuit reduces as shown in ANS. FIG. P28.19(a), 
since 


(1/1.00 Q) +(1/3.00 Q ) 

In ANS. FIG. P28.19(b), 

/ = 18.0 V/6.75 Q = 2.67 A 
This is also the current in ANS. FIG. P28.19(a), so 
the 2.00-Q and 4.00-Q resistors convert powers 

p 2 =IAV =I 2 R =(2.67 A) 2 (2.00 Q)= |l4.2 W 

and P 4 =I 2 R =(2.67 A) 2 (4.00 Q) = |28.4 W| 

The voltage across the 0.750-0 resistor in 
ANS. FIG. P28.19(a), and across both the 3.00-0 
and the 1.00-0 resistors in Figure P28.19, is 

AV =IR =(2.67 A)(0.750 O) = |2.00 Y| 


I 


-^V L - 


2.00 £2 
18.0 V 0.750 Q 
4.00 Q 


-Mb 

(a) 


I 

l 


18.0 V 6.75 O i 


(b) 

ANS. FIG. P28.19 


Then for the 3.00-0 resistor. 


/ _ AV _ 2.00 V 
~~R~~ 3.00 O 
and the power is 

P 3 = IAV = (lws) (2 - 00 v) = 


P28.20 


For the 1.00-0 resistor. 


/ = 


2.00 V 


and Pi = \j 


2.00 V 


(2.00 V)= 4.00 W 


The resistance of the combination of extra resistors must be 

- R = |/R. The possible combinations are: one resistor: R; two 
resistors: 2R, ± R ; three resistors: 3R, |R, | R, None of these is 

| R, so the desired resistance cannot be achieved. 
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P28.21 


(a) The equivalent resistance of this first parallel combination is 
or R P.= 3 - 33n 

10.0 n 



ANS. FIG. P28.21 

For this series combination. 


For the second parallel combination, 

> + ; _ 1 ■,* 

R* 


or R d2 = 2.13 Q 


For the second series combination (and hence the entire resistor 
network) 

Ktotai =2.00 Q +r P 2 = 2 -00 n +2.13 Q =4.13 Q 
The total current supplied by the battery is 
/ _ A^_^00V_i94A 

total R total 4.13 Q 

The potential drop across the 2.00 £2 resistor is 
AV 2 =« 2 / lotal =(2.00 Q)(l.94 A) =3.88 V 

The potential drop across the second parallel combination must 
be 


AV p2 =AV- AV 2 = 8.00 V - 3.88 V = |4.12 V| 
(b) So the current through the 3.00 Q resistor is 

= A^ = 412V_ [T 3^ 1 
““ R, 3.00 £2 ^- 1 
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Section 28.3 Kirchhoff's Rules 


*P28.22 We need one voltmeter across each resistor 
and each battery. These are shown with (v) in 
ANS. FIG. P28.22. From Kirchhoff's junction 
rule, we need one ammeter in each segment 
of the circuit. Ammeters are shown with (A) in 
ANS. FIG. P28.22. ANS. FIG. P28.22 is the 
complete answer to this problem. 



ANS. FIG. P28.22 


h h 

\ w 

:5.00 
: Q 

1.00; 
Q : 

:8.00 : 
: Q ' 

:i.00 
: Q 

12.0“ 


"4.00 

1 v 

V 


ANS. FIG. P28.23 


We name currents \ v l 2 , and / 3 as shown in 
ANS. FIG. P28.23. From Kirchhoff's current 
rule, / 3 = /j + / 2 . 

Applying Kirchhoff's voltage rule to the 
loop containing / 2 and / 3 , 

12.0 V-(4.00 Q)/ 3 

- (6.00 Q)/ 2 -4.00 V=0 
8.00 =(4.00)/ 3 +(6.00)/ 2 

Applying Kirchhoff's voltage rule to the loop containing 1 1 and / 2 , 
-(6.00 Q)/ 2 -4.00 V +(8.00 q)/ 3 =0 
or (8.00 Q)/ 3 =4.00 +(6.00 Q)/ 2 

Solving the above linear system (by substituting / 1 + / 2 for / 3 ), we 
proceed to the pair of simultaneous equations: 

[8 =4/ x +10/ 2 


8 =4/ 3 +4/ 2 +6/ 2 
8/j =4 +61 2 


1 2 

2 3 1 3 


and to the single equation 

8=4/l+ iofi/.Aj 

1 v3 3) 3 1 3 


which gives 


/, =—f 8 - 

521 


Then 


=0.846 A 
2 


=-(0.846)- — =0.462 
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and l 3 =/, +l 2 =1.31 A 


give | / x = 846 mA, l 2 = 462 mA, / 3 = 1.31 A | 

(a) The results are: |0.846 A down in the 8.00-Q resistor; 0.462 A down) 
|in the middle branch; 1.31 A up in the right-hand branch) . 

(b) For 4.00-V battery: 

AU =PAt=[AV)lAt =(4.00 V)(-0.462 A)(l20 s) =-222 J 


For 12.0-V battery: 

AU =(l2.0 V)(l.31 A)(l20 s) =1.88 kj 

The results are |^22 J by t^kOjpf battery anc§fj§88 kj by the| 
J12.0-V battegy ^. 

(c) To the 8.00-Q resistor: 

AU =l 2 RAt =(0.846 A) 2 (8.00 Q)(l20 sf<= ) 687 j| 

To the 5.00-Q resistor: 

AU =(0.462 A) 2 (5.00 Q)(l20 s) = | 128 J | 

To the 1.00-Q resistor in the center branch: 

(0.462 A) 2 (l.00 Q)(l20 s) = |25.6j| 

To the 3.00-Q resistor: 

(1.31 A) 2 (3.00 Q)(l20 s) = | 616 J | 

To the 1.00-Q resistor in the right-hand branch: 

(1.31 A) 2 (1.00 Q)(l20 s) = | 205 J | 


(d) 


Chemical energy in the 12.0-V battery is transformed 
into internal energy in the resistors. The 4.00-V battery 
is being charged, so its chemical potential energy is 
increasing at the expense of some of the chemical 
potential energy in the 12.0-V battery. 


(e) Either sum the results in part (b): -222 J + 1.88 kj = 1.66 kj, 
or in part (c): 687 J + 128 J + 25.6 J + 616 J +205 J = 1.66 kj 
The total amount of energy transformed is |l.66 kj| . 
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P28.24 We name the currents l lr l 2 , and / 3 and arbitrarily choose current 
directions as labeled in ANS. FIG. P28.24. 


Jl 

*>( 

-1 ■ V»VV— 

12.0 V 4.00 Q 

2.00 S2 

8.00 V 6.00 £2 

-,1-AAA/i^- 



ANS FIG. P28.24 

(a) From the point rule for the junction below point b r 

—/j + 1 2 + 1 3 = 0 [1] 

Traversing the top loop counterclockwise gives the voltage loop 
equation 

+12.0 V- (2.00 )/ 3 - (4.00 )/ x =0 [2] 

Traversing the bottom loop CCW, 

+8.00 V - (6.00 ) l 2 + (2.00 )/ 3 = 0 [3] 

Solving for h from equation [2], 

! _ 12.0V-(2.00 a)i 3 

1 4.00 Q. 

Solving for \ 2 from equation [3], 
j _ 8.00 V +( 2.00 Q)/ 3 

2 6.00 £2 

Substituting both of these values into equation [1], we find 
-(3.00 V-0.500/J+1.33 V+0.333/ 3 +/ 3 =0 
so -1.67 V +1.833/ 3 =0 

and the current in the 2.00-Q resistor is | / 3 = 909 mA | 

(b) Through the center wire, 

V a -[0.909 A)(2.00 Q) =V b 
Therefore, 

V b - V a = 1-1.82 V | , with V a >V b 
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P28.25 (a) Let l 6 represent the current in the ammeter and the top 6-0 

resistor. The bottom 6-0 resistor has the same potential difference 
across it, so it carries an equal current. 

We assume both l 6 in the upper branch and l 6 in the lower branch 
flow to the right. We assume current l w flows to the left through 
the 10-Q resistor. For the top loop we have 

6.00 - 10.0/ 10 - 6.00/ 6 = 0 -+ / 10 =0.6 - 0.6 / 6 [1] 


P28.26 


We assume current l 5 flows to the left through the 5-0 resistor. 

For the bottom loop, 

4.50 - 5.00/ s - 6.00/ 6 = 0 -+ l 5 =0.9- 1.2 1 6 [2] 

For the junctions on the left side, taken together, 

+1 w +l 5~ 16~ <6 = 0 [3] 

Substituting / 10 and l 5 into [3], we have 

(0.6 - 0.6 / 6 ) + (0.9 -1.2 / 6 ) - 2 1 6 = 0 -> l 6 = 1.5/3.8 = f).395 A| 
(b) The loop theorem for the little loop containing the voltmeter gives 
+ 6.00 V-AV-4.50 V = 0 

(a) The first equation represents 
Kirchhoff's loop theorem. We 
choose to think of it as 
describing a clockwise trip 
around the left-hand loop in a 
circuit; see ANS. FIG. P28.26(a). AN P28.26UJ 

For the right-hand loop see ♦ _/ : +— 1 ' i j, ov 

ANS. FIG. P28.26(b). The — m — m — 

junctions must be between the 
5.80-V emf and the 370-0 resistor 
and between the 370-0 resistor 
and the 150-0 resistor. Then we 
have ANS. FIG. P28.26(c). 1 

This is consistent with the 
third equation, 

l i +/ 3 _ / 2 =0 ANS. FIG. P28.26(c) 

/ 2 =/ 1 +/ 3 


370 il 15011 1 

ANS. FIG. P28.26(b) 



—WV-—11— 

220Q 5.8 V 37 ° ft 
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(b) Suppressing units, we substitute: 


-220/, +5.80 - 370/, - 370/ 3 =0 
3370/, +370/ 3 +150/3-3.10 =0 


Next, / 3 = 


5.80-590/, 
370 


370/, +—(5.80-590/,)-3.1 =0 
1 370' 11 

370/, +8.15-829/,-3.10 =0 
5.05 V 


/, =- 


11.0 mA in the 220-Q resistor and out of 
the positive pole of the 5.80-V battery 


, 5.80-590(0.0110) 

/ 3 =---- =-1.87 mA 


The current is 1.87 mA in the 150-Q resistor and out of the 
negative pole of the 3.10-V battery. 


1 2 =11.0-1.87 = | 9.13 mA in the 370-Q resistor | 


P28.27 Label the currents in the branches as shown in 
ANS. FIG. P28.27(a). Reduce the circuit by 
combining the two parallel resistors as shown in 
ANS. FIG. P28.27(b). 

Apply Kirchhoffs loop rule to both loops in ANS. 
FIG. P28.27(b) to obtain: 

(2.71R)/, +(l.71R)/ 2 =250 V 

(1.71 R)/, +(3.71R)/ 2 =500 V 

With R = 1 000 Q, simultaneous solution of these 
equations yields: 

/, = 10.0 mA 



1 2 = 130.0 mA 

From ANS. FIG. P28.27(b), V c -\/ a =(/, +/ 2 )(l.71R) =240 V. 


V - V 240 V 

Thus, from ANS. FIG. P28.27(a), L = — -^ =-= 60.0 mA. 

4 4R 4 000 Q 

Finally, applying Kirchhoff's point rule at point a in ANS. FIG. 
P28.27(a) gives: 

/ =/ 4 - / x =60.0 mA -10.0 mA =350.0 mA 
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P28.28 


P28.29 


or / = | 50.0 mA from point a to point e | . 


Using Kirchhoff's rules and suppressing units. 



12.0-(0.0l)/ 1 -(0.06)/ 3 =0 

[1] 


12.0 +(l.00)/ 2 -(0.06)/ 3 =0 

[2] 

and 

/i = / 2 + / 3 . 

[3] 


Substitute [3] into [1]: 

12.0- (0.0l)(/ 2 +/ 3 )-(0.06)/ 3 =0 

12.0-(0.0l)/ 2 - (0.07)/ 3 =0 [4] 



Solving [4] and [2] simultaneously gives 

(a) /, = 172 A = |172 A downward] in the starter. 


(b) 1 2 = -1.70 A = 11.70 A upward) in the dead battery. 


(c) 


No, the current in the dead battery is upward in Figure 
P28.28, so it is not being charged. The dead battery is 
providing a small amount of power to operate the starter, 
so it is not really "dead." 


(a) For the upper loop: 

+15.0 V-(7.00 Cl)I, 

-(2.00 A)(5.00Q)=0 

5.00 = 7.00/! so | /, = 0.714 A] 


i 2 \ 


ANS. FIG. P28.29 


7.00 Q 15.0 V 

-AW-1-- 

5.00 Q ^ 

-m, -\Ar- 

2.00 Q £ 

-AW-1.- 


(b) For the center-left junction: 
/ 3 = /j + l 2 = 2.00 A 
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where / 3 is the current through the ammeter (assumed to travel to 
the right): 

0.714 + l 2 = 2.00 so | / 2 = 1.29 A | 

(c) For the lower loop: 

(2.00 Q)(l.29 A)- (5.00 Q)(2.00 A) =0 -> | £ =12.6 V | 
P28.30 Name the currents as shown in ANS. FIG. P28.30. Then 


y = w + x+ z 

r ~<— 

w x y z 

LJ_ i—J 

ANS. FIG. P28.30 


The loop equations are (suppressing units): 
-200i/i/- 40.0 +80.0X =0 j 
-80.0x +40.0 +360 - 20.0y =0 -+ 

4360 - 20.0y- 70.Oz + 80.0 =oJ 


x =2.50 i/i/ +0.500 
20.0 =4.00x+1.00y 
22.0 =1.00y +3.50z 


Use y=l/l/+X+Zto eliminate yby substitution: 
x =2.50 w +0.500 

20.0 =4.00x+1.00y->20.0 =4.00 x+1.00(i/i/+x+z) 
22.0 =1.00y+3.50z^22.0 =1.00(w+x+z) +3.50z 


x =2.50 i/i/ +0.500 

20.0 =5.00x+1.001/1/+1.00Z 

22.0 =1.00i/i/ +1.00X +4.50z 


Eliminate X: 

20.0 =5.00 (2.50i/i/+0.500) +1.00w+1.00zl 
22.0 = 1 . 001 / 1 / +1.00(2.501/1/ +0.500) +4.50zJ 

J 17.5 =13.51/1/+1.00Z 
^ 121.5 =3.501/I/+4.50Z 


Eliminate Z= 17.5 - 13.51/1/to obtain 

21.5 =3.501/1/ +4.50(17.5 -13.51/1/) 

21.5 =3.501/1/+4.50(17.5)-4.50(13.51/1/) 
^ 57.25 =57.251/1/ —> w =1.00 


(a) w = | 1.00 A upward in the 200-Q resistor~[ 
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z =17.5 - 13.5W =17.5 -13.5(1.00) 

= | 4.00 A upward in the 70.0-Q resisor | 

x =2.50 w +0.500 =2.50(1.00) +0.500 
= | 3.00 A upward in the 80.0-Q resistor] 


y = w + x +z =1.00 +3.00 +4.00 
=| 8.00 A downward in the 20.0-Q resistor | 


(b) For the 200-Q resistor, AV =IR =(l.00 A)(200 Q) = | 200 V | 


*P28.31 (a) 


We name the currents \ v l 2 , and / 3 as 
shown in ANS. FIG. P28.31. 

Applying Kirchhoff's loop rule to 
loop abcfa gives 

-te 1 -e 2 -R 2 i 2 -R 1 i 1 =0 
or, 

70.0 V-60.0 V 

-(3.00 kQ)/ 2 - (2.00 Ul)l, =0 
which gives 

3 1 2 +21, =10.0 mA 



or I, = 5.00 mA-1.50/ 2 [1] 

Applying the loop rule to loop edcfe yields 
■+€ 3 -R 3 l 3 -£ 2 -R 2 l 2 =0 


which gives 

80.0 V-(4.00 kQ)/ 3 -60.0 V-(3.00 kQ)/ 2 =0 


or 3 1 2 +4/ 3 =20.0 mA 

and / 3 = 5.00 mA-0.750/ 2 [2] 

Finally, applying Kirchhoff's junction rule at junction Cgives 

1 2 =I ! +/ 3 [3] 

Substituting equations [1] and [2] into [3] yields 
l 2 =5.00 mA-1.50 1 2 +5.00 mA-0.750/ 2 
or 3.25/ 2 = 10.0 mA 
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This gives / 2 = = |3.08 mA] . Then, equation [1] yields 

/ 3 =5.00 mA-1.50 1 2 =5.00 mA-1.50(3.08 mA) = |0.385 mA| 
and from equation [2], 

/ 3 =5.00 mA-0.750/ 2 =5.00 mA-0.750(3.08 mA) 

= |2.69 mA 

(b) Start at point Cand go to point f, recording changes in potential to 
obtain 

V f -V c =-£ 2 -R 2 l 2 

=-60.0 V-(3.00x10 s q)(3.08x10~ 3 a)=- 69.2 V 
or |A\/| rf = 169.2 V and point c is at the higher potential | . 

P28.32 Following the path of / 1 from a to b, and recording changes in potential 

gives 

V b - V a =+24.0 V - (6.00 Q)(3.00 A) =+6.00 V 


e 24.0 V 



ANS. FIG. P28.32 


Now, following the path of l 2 from a to b, and recording changes in 
potential gives 

V b -V a =-(3.00 Q)/ 2 =+6.00 V -+ l 2 =- 2.00 A 

which means the initial choice of the direction of l 2 in Figure P28.32 
was incorrect. Applying Kirchhoff's junction rule at point a gives 

/ 3 =/ 3 +/ 2 =3.00 A+(-2.00 A) =1.00 A 
The results are: 

(a) |/ 2 is directed from b toward a and has a magnitude of 2.00 A.| 

(b) |/ 3 = 1,00 A] and flows in the direction shown in Figure P28.32. 
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P28.33 


(c) 


No. Neither of the equations used to find \ 2 and / 3 
contained £ and R. The third equation that we could 
generate from Kirchhoff's rules contains both the 
unknowns. Therefore, we have only one equation 
with two unknowns. 


(a) Applying Kirchhoff's junction rule at point a gives 

U = l l + / 2 

Using the loop rule on the lower loop yields 

4.00/, 


+12.0 -12.0/,-16.0/, =0 or /, = 1.00- 


28.0 n 

—WV— 


3.00 


i 2 .o n 
—Vv\— 


u 


ANS. FIG. P28.33 


[ 1 ] 

[ 2 ] 


Applying the loop rule to loop forming the outer perimeter of the 
circuit gives 

424.0-28.0/j -16.0/, =0 or / 24 -°~ 16 - 0/ 3 [3] 

1 3 1 28.0 


Substituting equations [2] and [3] into [1] yields 




. 240-16.0/3 4.00/ 3 

28.0 ‘ 3.00 


and multiplying by 84 to eliminate fractions: 
84.0/ 3 =72.0-48.0/ 3 +84.0-U2/ 3 
244/ 3 =156 
|/ 3 =0.639 A | 


Then, equation [2] gives |/ 2 = 0.148~A] and equation [3] yields 
|/ 1 = 0.492 A| . 

(b) The power delivered to each of the resistors in this circuit is: 
P 2 S .on =/i 2 « 28 .on =(0-492 A) 2 (28.0 Q) = |6.77W| 
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P28.34 


P,2.on =l 2 iP i 2 .oa =(0-148 A) 2 (12.0 O) = 10-261 W| 

P 160n =/ 3 R i6.0Q =(0.639 A) 2 (16.0 Q) = |6.54 1 / 1 / 1 

(a) Going counterclockwise around the upper loop and suppressing 
units, Kirchhoff's loop rule gives 

- 11 . 0/ 2 +12.0-7.00/2-5.00/! +18.0-8.00/! =0 


or 13.0/! +18.0/ 2 =30.0 


11.0n _ | + 7.00ft 


ANS. FIG. P28.34 


[ 1 ] 


(b) Going counterclockwise around the lower loop: 

- 5 .OO /3 +36.0 +7.00 / 2 -12.0 +11.0 / 2 =0 

or 118.0/ 2 - 5 . 00/3 =-24.01 . [2] 

(c) Applying the junction rule at the node in the left end of the circuit 

gives |/! 1 2 ~ / 3 ^0] [3] 

(d) Solving equation [3] for / 3 yields |/ 3 = / a - /7| [4] 

(e) Substituting equation [4] into [2] gives 

5.00 (/j — / 2 ) —18.0/ 2 =24.0 


or |5.00 /i-23.0/ 2 =24.0| . 


(f) 


Solving equation [5] for /j yields / , =(24.0 +23.0/ 2 )/5 . 
Substituting this into equation [1] gives 


13.0/i +18.0/ 2 =30.0 


(24.0 +23.0/ 2 ) 


+18.0/, =30.0 


13.0(24.0 +23.0/J +5.00(l8.0/ 2 ) =5.00(30.0) 


389/ 2 = -162 -> / 2 =-162/389 -> | /, = -0.416 A] 


[5] 
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Then, from equation [2], /, =(30-18/ 2 )/l3 which yields 
[7^ = 2.88 A | 

(g) Equation [4] gives 

/ 3 =/j - / 2 =2.88 A - (-0.416 A) |/ 3 =3.30 A| 


(h) 


The negative sign in the answer for 1 2 means that this 
current flows in the opposite direction to that shown in 
the circuit diagram and assumed during the solution. 
That is, the actual current in the middle branch of the 
circuit flows from right to left and has a magnitude of 
0.416 A. 


*P28.35 


Refer toANS. FIG. P28.35. 
Applying Kirchhoff's junction 
rule at junction a gives 

l 3 = l, + / 2 [ 1 ] 

Using Kirchhoff's loop rule on 
the leftmost loop yields 



ANS. FIG. P28.35 


-3.00 V-(4.00 Q)/ 3 - (5.00 Q)/ 3 +12.0 V =0 


so 


9.00 A-4.00/ 3 
5.00 


= 1.80 A-0.800/ 3 


[ 2 ] 


For the rightmost loop, 

-3.00 V- (4.00 Q)/ 3 - (3.00 Q +2.00 Q)/ 2 +18.0 V =0 


and 


15.0 A - 4.00/ 3 
5.00 


= 3.00 A-0.800/ 3 


Substituting equations [2] and [3] into [1] and simplifying gives 
2.60/ 3 = 4.80 A and / 3 = 1.846 A. Then equations [2] and [3] yield 
l 1 = 0.323 A and l 2 = 1.523 A. 

Therefore, the potential differences across the resistors are 
AV 2 =l 2 [ 2.00 Q) =(1.523 A)(2.00 Q) = |3.05 Y| 

AV 3 =l 2 (3.00 Q) =(1.523 A)(3.00 = |4.57 V| 

A\/ 4 =/ 3 (4.00 Q) =(1.846 A)(4.00 £2) = |7.38 V| 

AV S =/ 1 (5.00 Q) =(0.323 A)(5.00 Q) = |1.62 v[ 


[3] 
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P28.36 (a) | No. | Some simplification could be made by recognizing that the 

2.0 Q and 4.0 Q resistors are in series, adding to give a total of 6.0 
Q; and the 5.0 Q and 1.0 Q resistors form a series combination 
with a total resistance of 6.0 £2. 

The circuit cannot be simplified any further, and Kirchhoff's 
rules must be used to analyze it. 


2.oo n 



(b) Applying Kirchhoff's junction rule at junction a gives 

/i = / 2 + / 3 [1] 

Using Kirchhoff's loop rule on the upper loop yields 
+24.0 V-(2.00 +4.0)/ 1 -(3.00)/ 3 =0 
or l 3 = 8.00 A-2.00/ 3 [2] 

and for the lower loop, 

+12.0 V +(3.00)/ 3 - (1.00 +5.00)/ 2 =0 
Using equation [2], this reduces to 

_ 12.0 V +3.00(8.00 A - 2.00 1,) 

2 6X)0 


giving 

/ 2 =6.00 A-1.00/, [3] 

Substituting equations [2] and [3] into [1] gives \l 3 = 3.50 A] 

(c) Then, equation [3] gives |/ 2 = 2.50 ~K \ , and 

(d) Equation [2] yields |/ 3 = 1.00 A] 
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Section 28.4 RC Circuits 

P28.37 (a) The time constant of the circuit is 

r =RC =(100 Q)(20.0 x 10" 6 f) =2.00 x 10" 3 s = |2.00 ms | 

(b) The maximum charge on the capacitor is given by Equation 28.13: 

Q max =C£ =(20.0 x 10 -6 F)(9.00 V) = |l.80xl0~ 4 cj 

(c) We use q[t) =Q max (l - e t/RC ), when t =RC. Then, 

q[t) =Q max (1 - e - RC/fiC ) =O max (l- e 1 ) =(l.80 x 10" 4 c)(l - e 1 ) 
=1 1.14 xlO" 4 C I 


P28.38 (a) The time constant is 

RC =(l.00 x 10 6 Q)(5.00 x 10- 6 F) = | 5.00 s | 

(b) After a long time interval, the capacitor is "charged to thirty volts," 
separating charges of 

O =C£ =(5.00xl0“ 6 c)(30.0 V) =1 150 juC I 


, . , / .\ £ -t/Rc ( 30.0 V ^ —10.0 s 

(c) ()-^ e “U.OOxlO 6 flJ 6XP (l.OOxlO 6 £l) 5.00xlO” 6 f! 


P28.39 (a) From / (t) =-/ 0 e t/fiC , 


_ q _ mtw 6 c _ 

0 RC (l 300 Q)(2.00 xl0“ 9 F) 

/ (t) =-(1.96 A)exp[ = l - 61 - 6 I 


(b) q[t) =Qe~ t/RC =(5.10 jUC)exp 


(l 300 Q) 2.00xlO’ 9 F 


(c) The magnitude of the maximum current is / 0 = | l. c 
P28.40 The potential difference across the capacitor is 
A V[t) =AV max [l- e~ t,RC ) 
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P28.41 


Using 1 farad = 1 s/Q, 

4.00 V =(10.0 V)[l-e ,30 "** ,(m0, ‘ 10 ^] 


Therefore, 

0.400 =1.00 - 

or e -(3.oox , o'!i]/s =Q 6Q0 

Taking the natural logarithm of both sides, 

- 3.00X10 5 n =ln(0 600) 

and R = 3 ' Q °. X 10 =-!5.87 x 10 5 Q = |~587kfl~l . 


(a) Before the switch is closed, the two resistors are in series. The 
time constant is 

t =(R 1 +R 2 )c =(l.50 x 10 5 Q)(l0.0 x 10” 6 f) = | 1.50 s | 

(b) After the switch is closed, the capacitor discharges through 
resistor R 2 . The time constant is 

r =(l.00 x 10 5 O)(l0.0x 10~ 6 F) = | 1.00 s | 

(c) Before the switch is closed, there is no current in the circuit 
because the capacitor is fully charged, and the voltage across the 
capacitor is £. After the switch is closed, current flows clockwise 
from the battery to resistor R 1 and down through the switch, and 
current from the capacitor flows counterclockwise and down 
through the switch to resistor R 2 , the result is that the total current 
through the switch is 1 1 + l 2 . 

Going clockwise around the left loop, 

£-LR, = 0-»/, = — 

R, 


so the battery carries current 


/ 1 


10.0 V 
50.Oxl'G 3 Q 


=200 pA. 


Going counterclockwise around the right loop. 


--/ 2 K 2 

C 2 2 


=0 —»/, 


- Q = _^_ e -t/(R 2 C) 

R 2 C R 2 
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so the 100-kQ resistor carries current of magnitude 


/ = _ e - t / fiC = 

2 «, 


10.0 V 


U00xl0 3 Qj 
and the switch carries downward current 


(a) 


(b) 


I, +l 2 = | 200 jUA +(100 idA)e- t/100s | 

Before the switch is closed, the two resistors are in series. The 
time constant is 


T= \(R^+R 2 )C\ 

After the switch is closed, the capacitor discharges through 
resistor R ? . The time constant is 


r = \R£\ 


(c) Before the switch is closed, there is no current in the circuit 

because the capacitor is fully charged, and the voltage across the 
capacitor is £. After the switch is closed, current flows clockwise 
from the battery to resistor R 1 and down through the switch, and 
current from the capacitor flows counterclockwise and down 
through the switch to resistor R 2 ; the result is that the total current 
through the switch is / , + / 2 . Going clockwise around the left loop, 
£ 

£-1 2 R 2 = 0—>/j = — is the current in the battery. 


Going counterclockwise around the right loop. 


^-/ 2 R 2 -0 ->/ 2 


_ Q _JL e -t/(fl 2 c) 

R 2 C r 2 


is the magnitude of the current in R 2 . The total current through 
the switch is 


'l +/ 2 =~0 


f _£_ e -t/(R 2 c). 


1 p -f/(R 2 c) 


(a) Call the potential at the left junction V L and at 
the right V R . After a "long" time, the capacitor 
is fully charged. 

10.0 V 


I. = -=2.00 A 

L 5.00 Q. 

V L =10.0 V-(2.00 A)(1.00 Q) =8.00 V 



ANS. FIG. P28.43(a) 
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P28.44 


/ 100V = 100 A 

R 10.0 ft 

\/ fi =(10.0 V)-(8.00Q)(l.00 A) =2.00 V 
Therefore, AV = V L -V R = 8.00 - 2.00 = I 6.00 V I 


(b) We suppose the battery is pulled out 
leaving an open circuit. We are left 
with ANS. FIG. P28.43(b), which can be 4 0 Q 2.0 ft 

reduced to the equivalent circuits 
shown in ANS. FIG. P28.43(c) and 
ANS. FIG. P28.43(d). From ANS. FIG. 



1.0 ft 


ANS. FIG. P28.43(b) 


P28.43(d), we can see that the capacitor discharges through a 
3.60-Q equivalent resistance. 

)o -mc 


According to q= Qe v 
we calculate that qC = QCe mc 
and AV = AV i e t/RC . 

We proceed to solve for t: 

=e -t/RC or _ e 4 t/RC 

AV t AV 

Take natural logarithms of both sides: 

(§)= t/RC 


1.0 pF 


9.0 ft 

6.0 ft 

—aw— 


ANS. FIG. P28.43(c) 


In 


1.0 pF 

— = 3.60 Q 

h- 

-^WV- 


-(£) 


ANS. FIG. P28.43(d) 


t=RC In 
^ShOftJll.OOxlO- 6 F)ln| 


^—I =(3.60xlO -6 s)lnl0 

innA\/ ' ' 


O.lOOAl/) J 


=| 8.29 ps | 
We are to calculate 


J e~ 2t/RC dt =-—J e~ mc f -—^ 


RCJ 


=——— [o—1 ] = ^ 
2 2 
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P28.45 (a) The charge remaining on the capacitor after time t is q= Qe t/T . 

Thus, if q= 0.750Q, then 
0.750Q =Qe t/z 
e t/z =0.750 

t =-rln(0.750) =-(l.50 s)ln(0.750) = |0.432 s| 

(b) r = RC, so 

C =%£ — L5 ° s m &. 00 x 10 •' F =16.00 jUFl 
R 250 x 10 3 Q 1 -^ 


Section 28.5 Household Wiring and Electrical Safety 

P28.46 (a) P - IAV: So for the heater, / = — = 1500 W = I 12.5 A I. 

w AV 120 V 1 - 1 

„ , , 750W | . | 

For the toaster, / =-= 6.25 A . 

120 V 1 - 1 

And for the grill, / = ^ ^00 ^ = | 8.33 A |. 

5 120 V 1 - 1 

(b) The total current drawn is 12.5 A + 6.25 A + 8.33 A = 27.1 A. 
The current draw is greater than 25.0 amps, so this circuit will 
trip the circuit breaker. 


!f 'P28.47 From P =[AV ) 2 /R, the resistance of the element is 


R 


,(Al/)| g(240V) 2 _ 192 ^ 
P 3 000 W 


P28.48 


When the element is connected to a 120-V source, we find that 


(a) 


_ AV 

= R 


120 V 
19.2 Q. 


16.25 A | 


(b) P =IAV =(6.25 A)(120 V) = |750 W| 


(a) Suppose that the insulation between either of your fingers and the 
conductor adjacent is a chunk of rubber with contact area 4 mm 2 
and thickness 1 mm. Its resistance is 


R = 


pi ( 10 13 Q m)(l0‘ 3 m) 


= 2 x 10 15 Q 
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The current will be driven by 120 V through total resistance 
(series) 


2x 10 Q+10 4 Q +2x 10 Q~ 5x 10 Q 


R 5xl0 15 £2 L 


(b) The resistors form a voltage divider, with the center of your hand 
at potential ^, where V h is the potential of the "hot" wire. The 
potential difference between your finger and thumb is 
AV =IR ~ (l0~ 14 a)(i0 4 q) ~ 10“ 10 V 


So the points where the rubber meets your fingers are at 
potentials of 


~ ^ +icr 10 v 

and 

~^-io - 10 V 

2 


2 


Problems 

With the lightbulbs in series, the equivalent resistance is R eq = 3 R, 
£ 

and the current is given by / = ——. Then, 



(b) With the lightbulbs in parallel, the equivalent resistance is 

R = 1 =- 

eq (l/R)+(l/R)+(l/R) 3 

3£ 

the current is given by / = —. Then, 


P =F I = 

'parallel ° ' 


(c) Nine times more power is converted in the | parallel^ connection. 


3£ 2 

R 


Additional 

P28.49 (a) 
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P28.50 The resistive network between a an b reduces, in the stages shown in 

ANS. FIG. P28.50, to an equivalent resistance of R cq = | 7.49 Q | . 

2.4 n 5.i n 2.4 n 2.4 n 



3.6 n 3.6 n 3.6 n 

ANS. FIG. P28.50 

P28.51 The set of four batteries boosts the electric potential of each bit of 
charge that goes through them by 4 x 1.50 V = 6.00 V. The chemical 
energy they store is 

A U =qAV =(240 C)(6.00 J/C) =1 440 J 


The radio draws current 

I = — = = 0.030 0 A. 

R 200 0 

So, its power is 

p =1AV =(0.030 0 A)(6.00 V) =0.180 J/s 


Then for the time the energy lasts, we have P = —: 


At = — = 144 ° J = 8.00x 10 3 s 
P 0.180 J/s 


We could also compute this from / = —: 



240 C 
0.030 0 A 


= 8.00 x 10 3 s = | 2.22 h | 


P28.52 The battery current is 

(150 +45.0 +14.0 +4.00) mA =213 mA 



150 mA 45 mA 14 mA 

ANS. FIG. P28.52 


(a) The resistor with highest resistance is that carrying 4.00 mA. 
Doubling its resistance will reduce the current it carries to 
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P28.53 


2.00 mA. Then the total current is (150 + 45 + 14 + 2) mA = 

211 mA, nearly the same as before. The ratio is = I 0.991 I. 

3 213 1 - 1 

(b) The resistor with least resistance carries 150 mA. Doubling its 
resistance changes this current to 75 mA and changes the total to 

(75 + 45 + 14 + 4) mA = 138 mA. The ratio is — = I 0.648 I. 
v ’ 1 - 1 


(c) 


The energy flows are precisely analogous to the currents 
in parts (a) and (b). The ceiling has the smallest R value 
of the thermal resistors in parallel, so increasing its thermal 
resistance will produce the biggest reduction in the total 
energy flow. 


Several seconds is many time constants, so the ca pacitor is fully 
charged and (d) the current in its branch is |zero.| 

For the center loop, Kirchhoff's loop rule gives 
+8 + (3 Q) l 2 - (5 Q)/j = 0 

or / x = 1.6 + 0.6 1 2 [1] 

For the right-hand loop, Kirchhoff's loop rule gives 
+4 V - (3 Q) l 2 - (5 Q) / 3 = 0 

or / 3 = 0.8 - 0.6 \ 2 [2] 

For the top junction, Kirchhoff's junction rule gives 

+ /j + 12 — 13 = 0 [3] 

Now we eliminate / , and / 3 by substituting [1] and [2] into [3]. 
Suppressing units, 

1.6 + 0.6 1 2 + l 2 - 0.8 + 0.6 1 2 = 0 -+ 1 2 = -0.8/2.2 = -0.3636 

(b) | The current in 3 12 is 0.364 A down.| 

(a) Now, from [2], we find / 3 = 0.8 - 0.6(- 0.364) = |l.02 A down in 4 V| 
[and in 5 Q.| 

(c) From [1] we have / 3 = 1.6 + 0.6(- 0.364) = |l.3jjf||L up ii$|fp|f> V| 
battery) . 

(e) For the left loop +3 V - (Q/6 juF) + 8 V = 0, so Q = (6 juF) (11 V) 

= |66.0 juC| 
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P28.54 


P28.55 


The current in the battery is - 


15 V 


- =1.15 A. 


10Q+- 


75 Q 78 Q. 

The voltage across 5 O is 15 V - (10 Q) (1.15 A) = 3.53 V. 

(a) The current in it is 3.53 V/5 Q = (3.706 A\ 

(b) P = (3.53 V) (0.706 A) = 

(c) Only the circuit in Figure P28.54(c) requires the use of Kirchhoff's 
rules for solution. In the other circuits the 5-0 and 8-0 resistors 
are still in parallel with each other. 


(d) 


The power is lowest in Figure P28.54(c). The circuits in 
Figures P28.54(b) and P28.54(d) have in effect 30-V 
batteries driving the current. The power is lowest in 
Figure P28.54(c) because the current in the 10-W resistor 
is lowest because the battery voltage driving the current 
is lowest. 


(a) R = — =—— = 2.00xl0 3 0 = |2.00 kO| 

/ 3.00 x 10“ 3 A 1 - 1 

(b) The resistance in the circuit consists of a series combination with 
an equivalent resistance of R eq = 5.00 O. The emf of the battery is 
then 

£ =IR eq =(3.00xlO" 3 A)(5.00xl0 3 q)= |15.0 V| 



/{ 


1 —11-vw- 

g 3.0 kn 

ANS. FIG. P28.55 

(c) AV 3 =IR 3 =(3.00x 10" 3 a)( 3.00x 10 3 o) = |9.00 V| 
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P28.56 


P28.57 


P28.58 


The equivalent resistance is R eq = R + where R p is the total resistance 
of the three parallel branches; 

={ — +— — +—ifeis-T' 

p U20Q 40.0 Q R+5.00 a) 

=r^+ 1 r 

V30.0 Q R+5.00 a) 

_ (30.0 n)[R +5.00 Q) 

R +35.0 £2 

Thus, 


75 0n=R J 

R +35.0 Q MmS/fe 


which reduces to 


R 2 - (10.0 Q.)R - 2 475 Q 2 =0 
or (R-55 Q)(R +45 Q) =0 


Only the positive solution is physically acceptable, so R = | 55.0 Q | . 

(a) Using Kirchhoff's loop rule for the closed loop, 

+12.0 - 2.00/ - 4.00/ = 0 
so / = 2.00 A 
Then, 

V b - V a =+4.00 V - (2.00 A)(4.00 Q)- (0)(l0.0 Q) =-4.00 V 
Thus, |AVj = | 4.00 V | 

(b) V b - V a =-4.00 V V a =V b +4.00 V; thus, 

[~ais at the higher potential | . 

Find an expression for the power delivered to the load resistance R: 

p =I 2 R =(-!L-\ r _> ( r +Rf = £ -R =eR 
{r+RJ P 

u £l 

where a = — 

P 

Carry out the squaring process: 
r 2 +2 rR +R 2 =aR 
R 2 +(2 r - a)R +r 2 =0 
R 2 +bR +r 2 =0 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 



280 Direct-Current Circuits 


e 2 

where b= 2r - a = 2r -. 

P 

Solve the quadratic equation: 

_ -b±yltf -4r 2 
2 

Evaluate b. 

b =2(1.20 Q) - ^ 920 =-1.59 Q 

21.2 W 

Substitute numerical values into the expression for R: 

R _ -(-1.59 n) ± V(-l-59 Q ) 2 - 4(1.20 Q ) 2 
“ 2 
_ 1.59 Q ± V-3.22 Q 2 
2 

There is no real solution to this expression for R. Therefore, no load 
resistor can extract 21.2 W from this battery. 

P28.59 The charging circuit is shown in the left-hand panel of ANS. FIG. P28.59. 
Kirchhoff's loop rule gives 

+14.7 V -13.2 V - / (0.850 Q) = 0 
so the charging current is 

/ = 1.5 V/0.850 Q =1.76 A. 

The charge passing through the battery as it charges is 
q=lAt =(l.76 A)(l.80 h) =3.18 A h =11.4 kC 



ANS. FIG. P28.59 


We can think of this charge as indexing a certain number of 
chemical reactions, producing a certain quantity of high-energy 
molecules in the battery. When the battery returns to its original state 
in discharging, we assume that the same number of reverse reactions 
uses up all of the high-energy chemical. In our model, the same charge 
passes through the battery in discharging, in the opposite direction. 
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The discharge current is then 


/ = — = 3 -1 8 A ■ h _ Q 435 A 


In the discharge circuit, shown in the right-hand panel of ANS. FIG. 
P28.59, the loop rule gives 

13.2 V - (0.435 A)(0.850 Q) - (0.435 A )R = 0 

so the load resistance R is 12.8 V/0.435 A = 29.5 Q. Now we can get 
around to thinking about energy. The energy output of the 14.7-V 
power supply is 

qAV =(3.18 A h)(l4.7 V) =46.7 W h =168 kj 


The energy delivered to the load during discharge is 

qAV =c/R =(3.18 A h)(0.435 A)(29.5 Q) =40.8 W h =147 kj 

The storage efficiency is ^ ^ _ 0.873 = 187.3% I. 

6 y 46.7 W h 1 - 1 

P28.60 (a) The resistors combine to an equivalent resistance of R ^ = |15.0 Q| 

as shown in ANS. FIGs P28.60(a-e). 




ANS. FIG. P28.60(b) 



ANS. FIG. P28.60(c) 
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(b) 



6.0 n 

ANS. FIG. P28.60(d) 



ANS. FIG. P28.60(e) 


From ANS. FIG. P28.60(e), 



15.0 V _ 
15.0 Q " 


A 


Then, from ANS. FIG. P28.60(d), 

AV X =AV db =/, (6.00 Q) =6.00 V 
and AV^ = 1 1 (3.00 Q) =3.00 V 


/, = /., = - 


From ANS. FIG. P28.60(c), 

_ 3.00 V _ ( 
6.00 Q 6.00 Q 
From ANS. FIG. P28.60(b), 
AV g] =l 3 (3.60 Q) =1.80 V 


Then, from ANS. FIG. P28.60(a), 


A^ 

_ 1.80 V 

=0.300 A 

6.00 Q 

~ 6.00 Q 

_ AV a 

_ 

_ 1.80 V 

9.00 Q 

9.00 Q 

~~ 9.00 Q " 


and l 5 
from ANS. FIG. P28.60(b), 
a ' 4=/ 3 (2-40 Q) =1.20 V. 
The collected results are: 


=0.200 A 


AV X = AV db = 6.00 V, AV^ = 1.20 V, AV„ = AV^ = 1.80 V, 
AV^ = 3.00 V 
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P28.61 


(c) |/i = 1.00 A, \ 2 = 0.500 A, / 3 = 0.500 A, / 4 = 0.300 A, / 5 = 0.200 A| 

(d) The power dissipated in each resistor is found from P =(AV f /R 
with the following results: 


mi 

(6.00 V) 2 

R ao 

6.00 Q 


(l.20 V) 2 


2.40 Q 

mi 

(l.80 V) 2 


“ 6.00 Q 

(AV) 2 „ 

(l.80 V) 2 


9.00 Q 

(AVI 

(3.00 V) 2 


~~ 6.00 Q 

mi 

(6.00 V) 2 


6.00 Q 


= 6.00 W 


Let the two resistances be x and y. 

—-vw—Wf— 


ANS. FIG. P28.61 


Then, 


R s =x +y 


P_ 225 W 

7^ — (5.00 a) 2 

xy P p 50.0 W 


=9.00 Q ^ y =9.00 Q-x 


p x+y I 2 (5.00 A) 2 

x(9.00fl-x) 0Qn 
x+(9.00 Q-x) 

x 2 - 9.00x +18.0 =0 
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P28.62 


P28.63 


Factoring the second equation, 

(x- 6.00)(x- 3.00) =0 
so X = 6.00 £2 or X=3.00C2 

Then, y = 9.00 Q - x gives 

y= 3.00 Q. or y= 6.00 £2 

There is only one physical answer: The two resistances are | 6.00 Q | 
and | 3.00 Q | . 

Refer to ANS. FIG. P28.61 above. Let the two resistances be x and y. 

P XV R 

Then, R s =x +y =-f and R D = - =-£. 

5 I 2 p x+y / 2 


From the first equation, y = yf - x, and the second 


xlp _// 2 — x) P p 7 fp\ PP 

becomes 7 — —z -y =-f or x 2 - -f x H—= 0 . 

x+[P s /l 2 -x) I 2 {I 2 ) / 4 


Using the quadratic formula, x 


_P s ±7P s 2 -4P/ p 


Then, y=-^-x gives y = 


2/ 2 


The two resistances are 


P s +/ s 2 -4P/„ 

and 

P s -/ s 2 -4P/„ 

2 1 2 


2 1 2 


(a) The equivalent capacitance of this parallel combination is 
C eq =Q +C 2 =3.00 /jF+ 2.00 jUF=5.00 )UF 

When fully charged by a 12.0-V battery, the total stored charge 
before the switch is closed is 

Q 0 =C eq [AV) =(5.00 /iF)(l2.0 V) =60.0 juC 

Once the switch is closed, the time constant of the resulting RC 
circuit is 

r =RC eq =(5.00 x 10 2 q)(5.00 /jF) =2.50 x 10 -3 s =2.50 ms 

Thus, at t = 1.00 ms after closing the switch, the remaining total 
stored charge is 

q =Q 0 e t/T =(60.0 jU c)e 100ms/2 - 50ms =(60.0 juC)e 0400 =40.2 juC 
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The potential difference across the parallel combination of 
capacitors is then 


AV=JL= 402pC 
C eq 5.00 pF 


=8.04 V 


and the charge remaining on the 3.00 jliF capacitor will be 
q, =C 3 [AV) =(3.00 pF)(8.04 V) = |24.1 yuC| 

(b) The charge remaining on the 2.00 juF at this time is 
q, =q- q =40.2 pC - 24.1 pC = |16.1 pC\ 
or, alternately, 

q, =C 2 (AV) =(2.00 jUF)(8.04 V) = 16.1 pC\ 


(c) 


Since the resistor is in parallel with the capacitors, it has the same 
potential difference across it as do the capacitors at all times. 
Thus, Ohm's law gives 



8.04 V 
5.00 x 10 2 Q 


- 1.61 x 10~ 2 A = 116.1 mAl 


P28.64 (a) Around the circuit, 

£-/(Xrt)-(e 1 +e 2 )=° 


Substituting numerical values, 

40.0 V-(4.00 A)[(2.00 +0.300 +0.300 +R)Q.] 

-(6.00+6.00) V=0 


so R = | 4.40 Q | 

(b) Inside the supply, 

P =I 2 r =(4.00 A) 2 (2.00 Q) = |32.0 W| 

(c) Inside both batteries together, 

P =I 2 R =(4.00 A) 2 (0.600 Q) = |9.60 W| 

(d) For the limiting resistor, 

P =(4.00 A) 2 (4.40 Q) = |70.4 W| 

(e) P =l(e l +£ 2 ) =(4.00 A)[(6.00 +6.00) V] = | 48.0 W | 
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P28.65 The total resistance in the circuit is 



1 -( 1 

+ 1 T 

U flJ 

“I^.OOkQ 

' 3.00 kQ J 


and the total capacitance is 

C =Q +C 2 =2.00 /UF +3.00 jUF =5.00 /JF 
Thus, Q max =C£ =(5.0 jUF)(l20 V) =600 qC 

and r =RC =(l.2 x 10 3 q)(5.0x 10" 6 f) =6.0x 10 ~ 3 s =|^ 

The total stored charge at any time t is then 

q=q,+q 1 =O m J 1 -e"') 

or q +q =(600 jucjfl-e - 1000 ^ 60 *) [ 1 ] 

Since the capacitors are in parallel with each other, the same potential 
difference exists across both at any time. 

Therefore, 

- *=(!)<* =L5 <* [2) 

(a) Substituting equation [2] into [1] gives 

2.5q =(600 /jC)(l-e 1000t/60s ) 

q ^ 600 /iC ^ c _t/(6.os/iooo)| 

q =240 fjc[l-e t,6ms ) 

or | q =240 (1 - e~ t/6 ) | , [where q is in microcoulombs and t isln| 

^nilli seconds] , 

(b) and from equation [ 2 ], 

q =1.5q =1.5[240 iuc(l-e~ t/6ms )] =360 )uc(l-e t/6ms ) 

or, q = | 360 (l - e t/6 ) | , [where qis in microcoulombs and t is in| 
milliseconds . 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 



Chapter 28 287 


P28.66 (a) In the diagram we could show the two 

resistors connected top end to top end 
and bottom end to bottom end with 
wires; we represent this connection 
instead by showing the bottom ends of 
both resistors connected to ground. The 
ground represents a conductor that is 
always at zero volts, and also can carry 
any current. Think of /, R v and R 2 as 
known quantities. We represent the 
current in R 1 as the unknown l r Then 
the current in the second resistor must by / - 1 v The total potential 
difference clockwise around the little loop containing both resistors 
must be zero: 

-(/-/ 1 )R 2 + / 1 K 1 + 0 

We can already solve for / , in terms of the total current: 

-IR 2 +I,R 2 +I.R, =0 I, = \lR 2 /(R 1 +Rj\ 

Then the current in the second resistor is 

l 2 = l-l 1 = l-IR 2 /(R 1 + R 2 ) = l(R 1 + R 2 -R^)/(R 1 + R 2 ) 

1 2 = | IR 1 /(R 1 +fl 2 )| 

(b) Continue to think of I, R v and R 2 as known quantities and / , as an 
unknown. The power being converted by both resistors together 
is P = l 1 2 R 1 + (/ - / 1 ) 2 R 2 . Because the current is squared, the power 
would be extra large if all of the current went through either one 
of the resistors with zero current in the other. The minimum 
power condition must be with a more equitable division of 
current, and we find it by taking the derivative of P with respect 
to / , and setting the derivative equal to zero: 

dP/d/j = 2 I.R, + 2(1 - /,)(0 - 1)P 2 = 0 
Again we can solve directly for the real value of 1 1 in 
l 1 R 1 -IR 2 + l 1 R 2 = 0 as ^ =/fl 2 /(/^ + P 2 ) 

So then again 

/ 2 = / — /j_ ■=■ IR 1 /(R 1 + R z ) 

This power-minimizing division of current is the same as the 
voltage-equalizing division of current that we found in part (a), so 
the proof is complete. 



ANS. FIG. P28.66 
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P28.67 


P28.68 


(a) The charge on the capacitor at this instant is 

q=CAV[l-e t,RC ) 


q =(l.00x 10- 6 f)( 10.0 V)fl- e s/[(2 00xl ° 6 n)(l00x10 " f)] " 


= | 9.93 juC | 

(b) The current in the resistor is given by 

, = ^ = fAW 


dt 


R 

10.0 V 


e = 3.37 x 10" 8 A = 33.7 nA 


(c) Since the energy stored in the capacitor is U = (f /2 C, the rate of 
storing energy is 


dt {2 C j {CJdt IcJ 

993X10 " C \ 3 .37x 10 -A) 


dU_ 
dt 

dU_ 

dt ' ^ 1.00 x 10~ 6 C/V 


=3.34 xl0“ 7 W =1 334 nW I 


( d ) battery =l£ =[ 337 x 10"® a)( 10.0 v) =3.37 x 10“ 7 W = | 337 nW~1 

The battery power could also be computed as the sum of the 
instantaneous powers delivered to the resistor and to the 
capacitor: 

l 2 R + ^ =(33.7 xl0“ 9 A)(2.00xl0 6 a) +334 nW =337 nW 
The battery supplies energy at a changing rate 

f=P= e /=e(f*~) 

Then the total energy put out by the battery is 

J«4(-RC)Jexpr-+¥-A 


=-e 2 Cex p(^-— J =-£ 2 C[0-l]=e 2 C 
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P28.69 


The power delivered to the resistor is 

= P = AV r I = l 2 R = R^J-expf- —) 
dt R R 2 RC) 

So the total internal energy appearing in the resistor is 



The energy finally stored in the capacitor is U =^C (AV f =^C£ 2 . 

Thus, energy of the circuit is conserved, £ Z C =^£ 2 C +^£ 2 C, and 
resistor and capacitor share equally in the energy from the battery, 
(a) We find the resistance intrinsic to the vacuum cleaner: 

P=IAVJ-^1 

jAiOfJuoyjF 

P 535 W 

with the inexpensive cord, the equivalent resistance is 

^Tot +2r 

=26.9 Q +2(0.9 Q) =28.7 Q 


so the current throughout the circuit is 
/= AV = 120V =418A 
R To1 28.7 a 

and the cleaner power is 

='(A(/) clm . =/ 2 fi =(4.18 A ) 2 (26.9 Q) = ^70W] 

In symbols, 

R tot -R +2r, and P deaner =/ 2 R = j AV ' > R 

t ° t R +2r deaner (R +2r) 
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I 


0.9 12 - r 

-VW— 


!20V-£ 

-vw- 


0.9 £2 = r 

ANS. FIG. P28.69 

(b) Using P deaner =/ 2 R = ^ V J 2 *y / we find that 
,f(A\/) 2 Rf 


R+2r= ^ Pj 
solving for r gives 


AW 

' R V /2 R 

120 V( 

' 26.9 Q 

f 26.9 Q 

2 l 

P 1~ 

, cleaner / 

2 l 

,525 W, 

J 2 


A 7TCf 


then, 

M V /2 J 4(l.7xlQ- 8 Q m)(l5m) Y /2 

[nr) [ tt(0.128£2) J 

= | 1.60 mm or more | 

(c) To move from 525 W to 532 W will require a lot more copper: 


T R Y- r - 

_120 V ( 

' 26.9 Q 

f 26.9 Q 

V ^cleaner J 2 

2 1 

,532 W, 

) 2 


=0.037 9 Q 

dJ4plT J 4(l.7xl0- 8 Q-m)(l5m)Y /2 
[nr j [ tt (0.037 9 q) J 

=| 2.93 mm or more | 
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P28.70 


a) When the capacitor is fully charged, no current exists in its 

branch. The current in the left resistors is l L = 5.00 V/83.0Q. The 
current in the right resistors is l R = 5.00 V/(2.00 Q + R). 

Relative to the positive side of the battery, the left capacitor plate 
is at voltage 


V L =5.00 V-(3.00 Q) 


5.00 W 
83.0 Q, 

and the right plate is at voltage 

(2.00 Q)(5.00 V) 


V R =5.00 V-- 


2.00 Q. +R 




=(5.00 V) 1- 


2.00 +R ) 


where R is in ohms. The voltage across the capacitor is 
AV=V l -V r =(5.00¥)fl-—1 


-(5.00 V) 1- 


AV =(5.00 -—1 

A 2.00 +R 83.0 ) 

The charge on the capacitor is 

q=CAV =(3.00 pC)[5.00 V)f— 


Q=(l5.0 pC)[^—^\ 
A 2.00 +R 83.0 ) 


30.0 

- 0.542, where Qis in microcoulombs 

^2.00 +R 


and R is in ohms. 


b) With R = 10.0 Q, 
30.0 


-0.542 = 


30.0 


2.00 +R 2.00+10.0 

c) | Yes. | Setting q= 0, and solving for R, 

3.00 ' — ' 


0.542 = |l.96 pC\ 
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P28.71 


(d) By inspection, the maximum charge occurs for R = 0. It is 

q=( 15.0 /jC)\-^ ——1 =| 14.5 /jC| 

L2.00+0 83.0 J 1 -^ 

(e) [Yes. Taking R = °° corresponds to disconnecting the wire] to 


remove the branch containing R 
M =(15.0 AC)' 


2.00 +00 83.01 83.0 1 -^ 


(a) With the switch closed, current exists in a simple series circuit as 
shown. The capacitors carry no current. For R 2 we have 


P = / 2 R, and / = — = 

pooov/A 


2.40 V-A 



ANS. FIG. P28.71(a) 


The potential difference across R , and C, is 

AV =IR 1 =(l.85x 10” 2 a)( 4 000 V/a)= 74.1 V 
The charge on C, is 

Q =C 1 A\/ =(3.00xlO" 6 C/V)(74.1 V) = | 222 pC | 

The potential difference across P 2 and C 2 is 

AV =IR 2 =(l.85 x 10~ 2 A)(7 000 q) =130 V 
The charge on C 2 

Q =C 2 AV =(6.00 x 10~ 6 C/v)(l30 V) =778 jUC 
The battery emf is 

/R eq =1 K +« 2 ) =(l-85 x lO' 2 A)(4 000 Q. +7 000 Q) =204 V 

(b) In equilibrium after the switch has been opened, no current exists. 
The potential difference across each resistor is zero. The full 204 V 
appears across both capacitors. The new charge on C 2 is 

Q =C 2 AV =(6.00 x 10' 6 C/V)(204 V) =1222 jjC 
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for a change of 1 222 pC - 778 pC =| 444 pC |. 



ANS. FIG. P28.71(b) 


P28.72 (a) First determine the resistance of each light bulb. From P =- 

we have 


(A Vf 


(A Vf _(120 V) 2 

P 60.0 W 


=240 £2 


We obtain the equivalent resistance P eq of the network of light 
bulbs by identifying series and parallel equivalent resistances: 


R .= R .+i 


(i/r 2 )+(i/R 3 


r =240 Q. +120 Q. =360 Q 


The total power dissipated in the 360 Q is 


(A Vf _(120 V) 2 

P eq 360 Q 


40.0 W | 


(b) The current through the network is given by AV = IR eq : 


120 V 
360 Q 


1 

3 


A 


The potential difference across R 1 is 


A\4 =/R, 


=(j Aj(240Q)= [ 80.0 V 


The potential difference AV 23 across the parallel combination of 
R 2 and R 3 is 

=' R - H A )[ (l/240 q) +(l/240 q) ) 

P28.73 (a) First let us flatten the circuit on a 2-D plane as shown in ANS. 

FIG. P28.73; then reorganize it to a format easier to read. Notice 
that the two resistors shown in the top horizontal branch carry 
the same current as the resistors in the horizontal branch second 
from the top. The center junctions in these two branches are at the 
same potential. The vertical resistor between these two junctions 
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has no potential difference across it and carries no current. This 
middle resistor can be removed without affecting the circuit. The 
remaining resistors over the three parallel branches have 
equivalent resistance 



—#-#— 

—w— 


ANS. FIG. P28.73 


(b) 


So the current through the battery is 


A\/ 


12.0 V 
5.00 Q 


= | 2.40 A | 


P28.74 


(a) The emf of the battery is |9.30 V| . 

(b) Its internal resistance is given by 

AV=9.30 V-(3.70 A)r=0 -» r= |2.51fl| 


(c) 

(d) 


The batteries are in series: Total emf = 2(9.30 V) = |l8.6 Vf . 

The batteries are in series, so their total internal resistance is 
2r = 5.03 Q. The maximum current is given by 


/ 


AV 

R 


18.6 V 
5.03 Cl 


13.70 At 


(e) For the circuit the total series resistance is 
R eq = 2r + 12.0 Q = 17.0 £2 
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and 


( = AV = 18 ; 6 V =p ^ 

D 1 H n o 1 - 1 


R 17.0 Q 
p =I 2 R =(1.09 A) 2 (12.0 £2) = |14.3 W| 


(g) The two 12.0-Q resistors in parallel are equivalent to one 6.00-Q, 
Resistor, and this is in series with the internal resistances of the 
batteries: R eq = 6.00 £2 + 2r = 11.0 £2. Therefore, the current in the 
batteries is 


/ = av = M v =169A 

R 11.0 £2 

and the terminal voltage across both batteries is 

AV =£— I (2 r) =18.6 V - (1.69 A)(5.03 £2) =10.1 V 


The power delivered to each resistor is 

p= (AW = (l01Vf =[ g 5 j W , 

R 12.0 £2 1 - 1 


(h) 


Because of the internal resistance of the batteries, the terminal 
voltage of the pair of batteries is not the same in both cases. 


P28.75 (a) After steady-state conditions have been reached, there is no DC 

current through the capacitor. 

Thus, for R 3 : | I R =0 (steady-state) | 

For the other two resistors, the steady-state current is simply 
determined by the 9.00-V emf across the 12-k£2 and 15-k£2 
resistors in series: 


For R 3 and R 2 : 

t M _ 9.00 V 

(fi^I “r | +p 2 (i2.o k£2 +15.0 k£2) 

= | 333 pA (steady-state) | 

(b) After the transient currents have ceased, the potential difference 
across C is the same as the potential difference across R 2 (= IR 2 ) 
because there is no voltage drop across R 3 . Therefore, the charge 
Q on C is 

Q =C(A\/) r =C[lR 2 ) =(l0.0 jUF)( 333 )UA)(l5.0 kQ) 

= | 50.0 pC | 
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C T 

"9.00 V 15 °; 

kQ : 

\r 2 r 3 1[ 


3.00 

k£2 


ANS. FIG. P28.75(b) 


(c) When the switch is opened, the branch containing R 1 is no longer 
part of the circuit. The capacitor discharges through ( R 2 + R 3 ) with 
a time constant of 


{R 2 + R 3 )C = (15.0 kQ + 3.00 kQ)(10.0 juF) = 0.180 s 

The initial current /, in this discharge circuit is determined by the 
initial potential difference across the capacitor applied to ( R 2 + R 3 ) 
in series: 


(AV) C 

IR 2 (333 jiiA)(l5.0 kfl) 

K +« 3 

I (« 2 +rt 3 ) (15-0 U1 +3.00 kO) 

h (“A) Switch 

0.333 

_ f opened 

0.278 

t = 0 


=278 jliA 


ANS. FIG. P28.75(c) 


Thus, when the switch is opened, the current through R 2 changes 
instantaneously from 333 jliA (downward) to 278 juA (downward) 
as shown in the graph. Thereafter, it decays according to 

= i. e -m^)c = | (278 jiiA)e t/{01S0 s) (for t> 0)] 


(d) The charge q on the capacitor decays from Q ( to according to 


q=Qj et/(R 2 +R 3 )c 

Qj_ =o d-t / 0 - 180 s ) 
5 ' 

5 _^/0.180 s 


180 ms 

t=[ 0.180 s)(ln5) = 
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P28.76 


P28.77 


From the hint, the equivalent resistance of 
ls J' ust Re q 


cHWV^n 

r t J 


r l s 

p Req ^ 


That is, R T +- 


V R L +V^e q 

R L R eo 


=R 


«L+R eq eq 
+R r R eq +R L R eq =R lAq 
=0 

„ _R r ± N /R?-4(l)(-R r Rj 

2 ( 1 ) 

Only the + sign is physical: 

R„ =j(V4RA+Rf +Rr) 


For example, if = 1 £2 and R L = 20 Q, then R eq = 5 0. 


(a) 


For the first measurement, the equivalent circuit is as shown in 
the top panel of ANS. FIG. P28.77. 


Rab =R 1 =R y +R y = 2R y 

so R v -—R v 
y 2 



For the second measurement, the 
equivalent circuit is shown in the 
bottom panel of ANS. FIG. P28.77. 
Thus, 



R„ =R ? =-R v +R X 

ac 2 2 y x 


[2] ANS. FIG. P28.77 


Substitute [1] into [2] to obtain: 


(i ^ 

1 

- \-R 1 +R X , or 

R x = R 2 --Ri 

\2 X J x 

x 2 4 1 


(b) If R, = 13.0 Q and R 2 = 6.00 Q, then | R x = 2.75 Q ] . 

| The antenna is inadequately grounded | since this exceeds the 
limit of 2.00 £1 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 




















298 Direct-Current Circuits 


P28.78 


AV = £e t/RC so 




Using the given data values: 

(a) A least-square fit to this data yields the graph shown in ANS. 
FIG. P28.78. 


£*, = 282, = 1.86xl0 4 , 

J j x i y i = 244, £y f = 4.03, N = 8 


Slope 


N(lx})-(lXiY 


t(S) 

AV (\/) 

ln(£/ AV) 

0 

6.19 

0 

4.87 

5.55 

0.109 

11.1 

4.93 

0.228 

19.4 

4.34 

0.355 

30.8 

3.72 

0.509 

46.6 

3.09 

0.695 

67.3 

2.47 

0.919 

102.2 

1.83 

1.219 
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P28.79 


P28.80 


, (lxf)(Zy,)-(Zx,)(ix,y,) nnoo „ 

Intercept =-->—.-rx-=0.088 2 

NfExfj-dx ,) 2 

The equation of the best fit line is: 


= (°- 0118 ) t+a0882 


(b) Thus, the time constant is 
1 1 


t = RC = - 


slope 0.0118 
and the capacitance is 
„ r 84.7 s 


R 10.0 xlO 6 £2 


=| 8.47 juF | 


A certain quantity of energy AE jnt = PAt is required to raise the 
temperature of the water to 100°C in time interval At For the power 


delivered to the heaters we have P = IAV = 


(AV) 2 


where AV is a 


constant. Thus, comparing coils 1 and 2, we have for the energy 


AE nt = 


(AVfAt {AVflAt 


Therefore, R 2 = 2 R v 


(a) When connected in parallel, the coils present equivalent 
resistance 


R p R 1 R 2 R, 2 Rj 2Rj 




Now, 


AE, nt = 


(AVfAt _{AV) 2 At p 


(b) For the series connection, R s =R 1 +R 2 =R, +2R, =3R, and 


AE, nt = 


(AVfAt _(AV) 2 At s 

R i 


3Rj 


At s = K 


When connected in series, the equivalent resistance is 

R e q =Ri +R 2 H-l-R n = nR. Thus, the current is l s = (AV)/R eq , and the 

power consumed by the series configuration is 


P s = l s AV = 


(A Vf 


_ (MY 

nR 
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P28.81 


For the parallel connection, the power consumed by each individual 

■ n ( A \/) 2 , , 

resistor is P 1 = ———, and the total power consumption is 


P p = nP[ 


n(AV) 2 


R 

^ f P 5 (A V) 2 R 1 

Therefore, =—---ry- =—7 or 

P p nR n[AV) 2 n 2 


P = — P 

5 n 2P 


We model the person's body and street shoes as shown in ANS. FIG. 
P28.81. For the discharge to reach 100 V, 

q[t) =Qe t/RC =CAV[t) =CAV 0 e t/RC 


AV 
AV n 1 


Wl. 

AV 


RC l AV J 


3 000 V 


: iso pi so pK 

ANS. FIG. P28.81 


The equivalent capacitance for parallel capacitors is 
150 pF + 80.0 pF = 230 pF. 

(a) For R = 5.00 MO, a change from 3 000 V to 100 V requires that 

t=RCln[^^j =(5 000 xlO 6 q)(230x 10~ 12 Fjin^ 3 ^ 0 ^ j 
= | 3.91 s | 

(b) For R = 1.00 MQ, the same change requires that 

t=RCln Bv) = ( 1 - 00xl0 ' i “ X 230 * 10 ' 12 F ) ta (i^r) 

=7.82xlO" 4 s = | 782 JJs | 


ed or duplicated, or posted to a publicly accessible website, in whole or in part. 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copie 













Chapter 28 301 


Challenge Problems 

P28.82 Start at the point when the 
2 

voltage has just reached — AV 

and the switch has just closed. 
2 

The voltage is — AV and is 

decaying towards 0 V with a 
time constant R 2 C. 

A V c [t) =^A\/je^ c 

We want to know when A V c (t) 

will reach — AV. 

3 

Therefore, — A\/ = [—A\/le t/fi2C 
3 l_3 J 

e -t/fi 2 C _ 1 
2 

= R 2 Cln2 



ANS. FIG. P28.82 


After the switch opens, the voltage is ~A\/, increasing toward AV 
with time constant (R^ + R 2 )C: 


A V c [t) =A\/-^A\/Je t/(fil+fi2)c 

When AV c [t)=^AV, 

2 LAV=AV--AVe t/(R ' +R * )c or e t/(Rl ^ )c =- 
3 3 2 

so t 2 =(R 1 +R 2 )Cln2 and T =t 1 +t 2 =1 (R x +2R 2 )C\n2 


P28.83 Assume a set of currents as shown in the circuit diagram in ANS. FIG. 
P28.83. Applying Kirchhoff's loop rule to the leftmost loop and 
suppressing units gives 

+75.0 - (5.00)/ - (30.0)(/ - 1 ,) =0 
75.0-35.0/ +30.0 1, =0 


or 7/ -61, = 15 


[ 1 ] 
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ANS. FIG. P28.83 


For the rightmost loop, the loop rule gives, suppressing units, 
-(40.0 +R)l l +(30.0)(/-/ 1 )=0 
-(70.0 +R)l l +30.0/ =0 



Substituting equation [2] into [1] and simplifying gives 

(310 + 7 R) 1 1 = 450 [3] 

Also, it is known that P R = I^R = 20.0 W, 


Substituting equation [4] into [3] yields 
140 

310/ x +-p =450 

or 310/*-450^ +140=0 

Using the quadratic formula, 

-(-450)± a /(-450) 2 -4(310)(140) 450 + 170 

1 2(310) 620 

20.0 W 

yielding / 1 = 1.00 A and / , = 0.452 A. Then, from R = — -p —, we find 
two possible values for the resistance R. These are: 

\~R = 20.0 Q or fl = 98.1fl| 
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lNSWERS to even-numbered problems 


P28.2 

P28.4 

P28.6 


P28.8 


P28.10 


P28.12 

P28.14 

P28.16 


P28.18 

P28.20 

P28.22 

P28.24 

P28.26 


(a) 4.59 Q; (b) 8.16% 

(a) 50%; (b) 0; (c) High efficiency; (d) High power transfer 

(a) The 120-V potential difference is applied across the series 
combination of the two conductors in the extension cord and the 
lightbulb. The potential difference across the lightbulb is less than 120 
V, and its power is less than 75 W; (b) See ANS. FIG. P28.6; (c) 73.8 W 

(a) I a =£/R, I B = l c = £/2R; (b) B and C have the same brightness 
because they carry the same current; (c) A is brighter than B or C 
because it carries twice as much current. 

(a) Connect two 50-Q resistors in parallel to get 25 Q. Then connect that 
parallel combination in series with a 20 Q for a total resistance of 45 Q; 

(b) Connect two 50-Q resistors in parallel to get 2 Q. Also, connect two 
20 Q resistors in parallel to get 10 Q. Then connect these two 
combinations in a series with each other to obtain 35 Q. 


2 , 2,1 


(a) R, =£\ ~+ T + T |; (b) R 2 =2£\ t - t |; (c) * 3 = £| T ~ T 


1 1 


/„ I 


1 1 


l n I, 


(a) decreases; (b) 14 Q 

£ 2£ 4£ ?£ 

(a) AV = AV, = —, AV, = —, AV, = —; 

1 3 9 9 3 

/ 21 

(b) l 1 - I, l 2 = 1 3 = —, / 4 = —; (c) /4 increases and h, 1 2 , and /3 decrease; 

3/ 3/ 

(d)/. = f ,/ 2 = /,=o ,/ 4 = f 


(a) See P28.18(a) for the full solution; (b) The current never exceeds 
50 jliA. 


None of these is -R, so the desired resistance cannot be achieved. 
3 

(a) See ANS. FIG. P28.22 


(a) / 3 = 909 mA; (b) -1.82 V 


(a) See ANS. FIG. P28.26; (b) 11.0 mA in the 220-Q resistor and out of 
the positive pole of the 5.80-V battery; The current is 1.87 mA in the 
150-Q resistor and out of the negative pole of the 3.10-V battery; 

9.13 mA in the 370-Q resistor 
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P28.28 (a) 172 A downward; (b) 1.70 A downward; (c) No, the current in the 

dead battery is upward in Figure P28.28, so it is not being charged. The 
dead battery is providing a small amount of power to operate the 
starter, so it is not really "dead." 

P28.30 (a) 1/1/ = 1.00 A upward in 200 Q; Z= 4.00 A upward in 70.0 Q; X= 3.00 A 

upward in 80.0 Q; y = 8.00 A downward in 20.0 £2; (b) 200 V 

P28.32 (a) 1 2 is directed from b toward a and has a magnitude of 2.00 A; 

(b) / 3 = 1.00 A; (c) No. Neither of the equations used to find l 2 and / 3 
contained £ and R. The third equation that we could generate from 
Kirchhoff's rules contains both the unknowns. Therefore, we have only 
one equation with two unknowns. 

P28.34 (a) 13.0/j +18.0/ 2 =30.0; (b) 18.0/ 2 - 5.00 / 3 = -24.0; (c) / x - / 2 - / 3 = 0; 

(d) / 3 = /j - / 2 ; (e) 5.00 1, - 23.0 1 2 = 24.0; (f) l 2 = -0.416 A and 
/, = 2.88 A; (g) / 3 = 3.30 A; (h) The negative sign in the answer for l 2 
means that this current flows in the opposite direction to that shown in 
the circuit diagram and assumed during the solution. That is, the 
actual current in the middle branch of the circuit flows from right to 
left and has a magnitude of 0.416 A. 

P28.36 (a) No. The circuit cannot be simplified further, and Kirchhoff's rules 

must be used to analyze it; (b) /j = 3.50 A; (c) \ 2 = 2.50 A; (d) l 3 = 1.00 A 

P28.38 (a) 5.00 s; (b) 150 jLiC; (c) 4.06 juA 

P28.40 587 k£2 

P28.42 (a) (fij + R 2 )C; (b) R 2 Q (c) £ f J- +^- e t/(fi2C) 1 



P28.46 (a) For the heater, 12.5 A; For the toaster, 6.25 A; For the grill, 8.33 A; 

(b) The current draw is greater than 25.0 amps, so this circuit will trip 
the circuit breaker. 

P28.48 (a) ~10” 14 ; (b) ~ ^ +10- 10 V and ~ ^ -10" 10 V 

P28.50 7.49 Q 

P28.52 (a) 0.991; (b) 0.648; (c) The energy flows are precisely analogous to the 

currents in parts (a) and (b). The ceiling has the smallest R value of the 
thermal resistors in parallel, so increasing its thermal resistance will 
produce the biggest reduction in the total energy flow. 
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P28.54 (a) 0.706 A; (b) 2.49 W; (c) Only the circuit in Figure P28.54(c) requires 

the use of Kirchhoff's rules for solution. In the other circuits, the 5-Q 
and 8-Q resistors are still in parallel with each other; (c) The power is 
lowest in Figure P28.54(c). The circuits in Figures P28.54(b) and 
P28.54(d) have in effect 30-V batteries driving the current. 

P28.56 55.0 Q 

P28.58 See P28.58 for full explanation. 

P28.60 (a) 15.0 Q; (b) A V* = AV* = 6.00 V, = 1.20 V, AV„ = AV^ = 1.80 V, 

AV& = 3.00 V; (c) I, = 1.00 A, l 2 = 0.500 A, / 3 = 0.500 A, / 4 = 0.300 A, 

L = 0.200 A; (d) = 6.00 W, P = 0.600 W, /> = 0.540 W, P M = 0.360 W, 

P od = 1.50 W, P db = 6.00 W 

P28.62 PW P *-4P/„ and P.-tf-iPf, 

2 I 2 2 I 2 

P28.64 (a) 4.40 Q; (b) 32.0 W; (c) 9.60 W; (d) 70.4 W; (e) 48.0 W 

IR IR 

P28.66 (a) /j =——and —— l — =/ 2 ; (b) See P28.66(b) for full proof. 

/a ^ +r\ 2 Kj +1^2 

P28.68 See P28.68 for full explanation. 

P28.70 (a) q =—-0.542, where qis in microcoulombs and R is in ohms; 

2.00 +R 

(b) 1.96 juC; (c) Yes; 53.3 Q; (d) 14.5 juC; (e) Yes. Taking R = °° 
corresponds to disconnecting the wire; 0.542 pC 

P28.72 (a) 40.0 W; (b) 80.0 V and 40.0 V 

P28.74 (a) 9.30 V; (b) 2.51 Q; (c) 18.6 V; (d) 3.70 A; (e) 1.09 A; (f) 14.3 W; 

(g) 8.54 W; (h) Because of the internal resistance of the batteries, the 
terminal voltage of the pair of batteries is not the same in both cases. 

P28.76 See P28.76 for full explanation. 

P28.78 (a) ^^7 J = (0.0118 )t +0.088 2; (b) The time constant is 84.7 s and the 

capacitance is 8.47 juF. 

P28.80 P s = \p d 

rr p 

P28.82 (R 1 +2R 2 )C In 2 
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OQ29.4 


OQ29.5 

OQ29.6 


OQ29.7 


OQ29.8 


Answer (c). Use the right-hand rule for the cross produce to 
determine the direction of the magnetic force, F s = Cjv x B. When the 
proton first enters the field, it experiences a force directed upward, 
toward the top of the page. This will deflect the proton upward, and 
as the proton's velocity changes direction, the force changes direction 
always staying perpendicular to the velocity. The force, being 
perpendicular to the motion, causes the particle to follow a circular 
path, with no change in speed, as long as it is in the field. After 
completing a half circle, the proton will exit the field traveling 
toward the left. 

Answer (c). F s = Cjv x B and i x (-k) = j. 

Answer (c). The magnetic force must balance the weight of the rod. 
From Equation 29.10, 

|f b | = |/L x b| —> F B = /LBsin# 

For maximum current, 0 = 90°, and we have I LB sin 90° = mg, from 
which we obtain 

,_ mg _(0.050 0kg)(9.80m/s 2 )_ 4nn A 
LB (l.00m)(0.100T) 

(i) Answer (b). The magnitude of the magnetic force experienced by 
the electron is given by F B = |qj vBsinO = a/6 because |q| = |-^ = e, and 
the angle between the electron's velocity and the magnetic field is 9 = 
90°. We see that force is proportion to speed. 

(ii) Answer (a). According to Equation 29.3, r = mv/qB ; thus, electron 
A has a smaller radius of curvature. 

(i) Answer (c). 

(ii) Answer (c). F E - |qj E and F B = |q| vBsinO. 

(iii) Answer (c). F = qE and F s = Cjv x B. 

(iv) Answer (a). F = qE and F s = Cjv x B . 

(v) Answer (d). But F B = |q| vBsinO is zero if 0 = ±90°. 

(vi) Answer (b). F B = |q| vB sin 0 is non-zero unless 6= ±90°. 

(vii) Answer (b). Because F B = Cjv x B is perpendicular to the 
particle's velocity. 

(viii)Answer (b). F B = jq| vBsmd. 
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OQ29.9 


OQ29.10 

OQ29.11 

OQ29.12 

OQ22.13 


Answer (c). The magnitude of the magnetic force experienced by the 
electron is given by F B - |qj vBsinO , where the angle between the 
electron's velocity and the magnetic field is 9= 55.0°, and the 
magnitude of the electron's (negative) charge is |q| = |-^ = e. The 
magnitude of the force is 

F B =|q(v6sin0 

=(l.60xlCT 19 C)(2.50xl0 6 m/s)(3.00xlCT 5 T)sin55.0° 
=9.83 xlCT 18 N 

Use the right-hand rule for the cross produce to determine the 
direction of the magnetic force, F e = Cjv x B. The force is upward on a 
positive charge but downward on a negative charge. 

Answers (d) and (e). The force that a magnetic field exerts on a 
moving charge is always perpendicular to both the direction of the 
field and the direction of the particle's motion. Since the force is 
perpendicular to the direction of motion, it does no work on the 
particle and hence does not alter its speed. Because the speed is 
unchanged, both the kinetic energy and the magnitude of the linear 
momentum will be constant. 

Answer (d). The electrons will feel a constant electric force and a 
magnetic force that will change in direction and in magnitude as 
their speed changes. 

(a) Yes, as described by F = qE. (b) No, because, as described by 
F e = Cjv x B, when V = 0, F B = 0. 

(c) Yes. F = qE does not depend upon velocity, (d) Yes, because the 
velocity and magnetic field are perpendicular, (e) No, because the 
wire is uncharged, (f) Yes, because the current and magnetic field are 
perpendicular, (g) Yes. (h) Yes. 

Ranking >4 A > >4 c > >4 B . The torque exerted on a single turn coil 
carrying current / by a magnetic field B is t - BIA sin0. The normal 
perpendicular to the plane of each coil is also perpendicular to the 
direction of the magnetic field (i.e., 0 = 90°). Since B and / are the 
same for all three coils, the torques exerted on them are proportional 
to the area A enclosed by each of the coils. Coil A is rectangular with 
the largest area 4 A = (lm)(2m) = 2 m 2 . Coil C is triangular with area 

A c = ~(l m )(3 m) =1.5 m 2 . By inspection of the figure, coil B 
encloses the smallest area. 
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ANSWERS TO CONCEPTUAL QUESTIONS 


CQ29.1 No. Changing the velocity of a particle requires an accelerating force. 

The magnetic force is proportional to the speed of the particle. If the 
particle is not moving, there can be no magnetic force on it. 

CQ29.2 If you can hook a spring balance to the particle and measure the force 
on it in a known electric field, then q = F/E will tell you its charge. 
You cannot hook a spring balance to an electron. Measuring the 
acceleration of small particles by observing their deflection in known 
electric and magnetic fields can tell you the charge-to-mass ratio, but 
not separately the charge or mass. Both an acceleration produced by 
an electric field and an acceleration caused by a magnetic field 
depend on the properties of the particle only by being proportional 
to the ratio q/m. 

CQ29.3 Yes. If the magnetic field is perpendicular to the plane of the loop, 
then it exerts no torque on the loop. 

CQ29.4 Send the particle through the uniform field and look at its path. If the 
path of the particle is parabolic, then the field must be electric, as the 
electric field exerts a constant force on a charged particle, 
independent of its velocity. If you shoot a proton through an electric 
field, it will feel a constant force in the same direction as the electric 
field—it's similar to throwing a ball through a gravitational field. 

If the path of the particle is helical or circular, then the field is 
magnetic. 

If the path of the particle is straight, then observe the speed of the 
particle. If the particle accelerates, then the field is electric, as a 
constant force on a proton with or against its motion will make its 
speed change. If the speed remains constant, then the field is 
magnetic. 

CQ29.5 If the current loop feels a torque, it must be caused by a magnetic 

field. If the current loop feels no torque, try a different orientation— 
the torque is zero if the field is along the axis of the loop. 

CQ29.6 The Earth's magnetic field exerts force on a 

charged incoming cosmic ray, tending to make it 
spiral around a magnetic field line. If the particle 
energy is low enough, the spiral will be tight 
enough that the particle will first hit some matter 
as it follows a field line down into the atmosphere 
or to the surface at a high geographic latitude. ANS. FIG. P29.6 

CQ29.7 If they are projected in the same direction into the same magnetic 
field, the charges are of opposite sign. 
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SOLUTIONS TO END-OF-CHAPTER PROBLEMS 


Section 29.1 Analysis Model: Particle in a Field (Magnetic) 

*P29.1 Gravitational force: 

F g =mg =(9.11 xl(T 31 kg)(9.80 m/s 2 ) 

= [ 8.93 x 10~ 3 ° N down | 

Electric force: 

F e =qE=(- 1.60xl(T 19 C)(l00 N/C down) 

= \ 1.60 x IQ' 17 N up | 

Magnetic force: 

F B =Cjv x B =(-1.60 x 10~ 19 C)(6.00xl0 6 m/s e) 

x (50.0 x 1CT 6 N-s/C-m n) 
=-4.80 x 10- 17 N up = | 4.80 x 10 17 Ndown | 

P29.2 See ANS. FIG. P29.2 for right-hand rule diagrams for each of the 
situations. 

(a) up 

(b) out of the page, since the charge is negative. 

(c) no deflection 

(d) into the page 



ANS. FIG. P29.2 
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P29.3 


P29.4 


P29.5 


To find the direction of the magnetic field, we use F e = Cjv x B. Since 
the particle is positively charged, we can use the right hand rule. In 
this case, we start with the fingers of the right hand in the direction of 
v and the thumb pointing in the direction of F. As we start closing the 
hand, our fingers point in the direction of B after they have moved 
90°. The results are 


(a) | into the page | (b) | toward the right 
(c) | toward the bottom of the page] 


At the equator, the Earth's 
magnetic field is horizontally 
north. Because an electron has 
negative charge, F = Cjv x B is 
opposite in direction to vxB. 
Figures are drawn looking down. 


S (a) (c) 

ANS. FIG. P29.4 


(a) Down x North = East, so the force is directed | West | . 


(b) North x North = sin 0° = 0: | Zero deflection | . 


(c) 


West x North = Down, so the force is 


directed | Up | . 


(d) Southeast x North = Up, so the force is | Down | . 



(d) 


We use F fi = Cjv x B. Consider a three-dimensional coordinate system 
with the xy plane in the plane of this page, the +X direction toward the 
right edge of the page and the +y direction toward the top of the page. 
Then, the Z axis is perpendicular to the page with the +Z direction 
being upward, out of the page. The magnetic field is directed in the 
+X direction, toward the right. 

(a) When a proton (positively charged) moves in the +y direction, the 
right-hand rule gives the direction of the magnetic force as into 
the page or in the | -z direction | . 

(b) With velocity in the -y direction, the right-hand rule gives the 
direction of the force on the proton as out of the page, in 

[hie +Z direction | . 

(c) When the proton moves in the +X direction, parallel to the 
magnetic field, the magnitude of the magnetic force it experiences 
is F = qvB sin (0°) = 0. [The magnetic force is zero in this case] 
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P29.6 


P29.7 


P29.8 


The magnitude of the force on a moving charge in a magnetic field is 
F b = q\/Bsin0, so 


6 ~ sin ' 1 qfe_ 


0 =sin 1 
=[4&9° or 13T 


8.20 xlO" 13 N 

(l.60xl0“ 19 C)(4.00xl0 6 m/s)(l.70T) 


We first find the speed of the electron from the isolated system model: 
[AK +AU ),. =[AK +AU ) f -> ^mv 2 =eAV : 


(2eAV~ _ 1 2(l.60xl0“ 19 C)(2 400 J/C) 


9.11 xlO" 31 kg 

(a) F b max =qvB =(l.60 x 10“ 19 c)(2.90 x 10 7 m/s)(l.70 T) 


=2.90xlO 7 m/s 


= 7.90xlO" 12 N 


(b) F B mm = [IT] occurs when v is either parallel to or anti-parallel to B. 

The force on a charged particle is proportional to the vector product of 
the velocity and the magnetic field: 

F b =qv x B =(1.60x 10“ 19 C)[(2i - 4 j + k)(m/s)x (i +2j - k) t] 

Since 1 C • m • T/s = 1 N, we can write this in determinant form as: 


Fg = (1.60xlO' 19 N) 


i j k 

2-4 1 

12-1 


Expanding the determinant as described in Equation 11.8, we have 
F ftx =(1.60 x 10-“ N) [(— 4)( — 1) - (l)(2)]i 
Ffi.y =(1-60 x 10-” N) [(1)(1) - (2)(-l)]j 
F Sz = (1.60 x 10 N) [(2)(2) - (l)(-4)]k 
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P29.9 


P29.10 


P29.ll 


Again in unit-vector notation, 

F B =(1.60 xl0“ 19 N)(2i +3j +8k) 

=(3.20i +4.80 j +12.8k )xlO' 19 N 

|F B | =( > /3.20 2 +4.80 2 +12.8 2 ) x 10' 19 N = | 13.2 x 10~ 19 ^jj 


(a) The magnetic force is given by 

F =qvB sin 6 

=(l.60xl0“ 19 C)(5.02xl0 6 m/s)(0.180T)sin(60.0°) 
= |l.25x 10~ 13 N~| 

(b) From Newton's second law. 


a 


F_ 

m 


1.25 xl0“ 13 N 
1.67 xl0“ 27 kg 


17.50 x 10 13 m/s 2 ] 


(a) The proton experiences maximum force when it moves 

perpendicular to the magnetic field, and the magnitude of this 
maximum force is 


F max =qi/B sin 90° 

=(l.60xl0“ 19 C)(6.00xl0 6 m/s)(1.50 T)(l) 


= 1.44x10 N 


(b) From Newton's second law, 
F v 1.44xl0“ i: 


N 


1.67 x 10 kg 


= |8.62xl0 14 m/s 2 1 


(c) 


(d) 


Since the magnitude of the charge of an electron is the same as 
that of a proton, |a force would be exerted on the electron that had] 
the same magnitude as the force on a proton, but in the opposite] 
direction because of its negative charge.) 

The acceleration of the electron would be much greater than that 
of the proton because the mass of the electron is much smaller. 


F =ma =(l.67x 10“ 27 kg)(2.00x 10 13 m/s 2 ) =3.34xl(T 14 N =qvB sin90° 


B 


F_ 3.34 x lO~ 14 N 

qi/~(l.60xl0" 19 c)(l.00 x 10 7 m/s) 


=2.09 x 10~ 2 T =20.9 x 1(T 3 T 


=20.9 mT 
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From ANS. FIG. P29.ll, the right-hand rule 
shows that B must be in the -y direction to 
yield a force in the +X direction when V is in 
the Z direction. Therefore, 



B = -20.9 j mT 


ANS. FIG. P29.ll 


P29.12 The problem implies that the particle undergoes a deflection 


perpendicular to its motion as if the force direction remained constant. 
Treat this as a projectile motion problem where the particle travels in 
the horizontal direction but is displaced vertically 0.150 m at a constant 
acceleration. 

We find the acceleration from 



Then, from Newton's second law, 

F y =ma y =qvB 

ma y (l.50xl0~ 3 kg)(o.300 m /s 2 ) 


q vB (l.50xl0 4 m/s)(o.l50x 10~ 3 t) 


=2.00 x IQ- 4 C =200. x 10" 6 C = |200 juC| 


Section 29.2 Motion of a Charged Particle 
in a Uniform Magnetic Field 

P29.13 (a) The magnetic force acting on the electron provides the centripetal 

acceleration, holding the electron in the circular path. Therefore, 

F =|q| vB sin90° =m e \/ 2 /r , or 

, - m e v _(9.11xl0~ 31 kg)(l.50xl0 7 m/s) 
r ~~eB (l.60xl0“ 19 C)(2.00xl0“ 3 t) 

=0.042 7 m = |4.27 cm| 

(b) The time to complete one revolution around the orbit (i.e., the 
period) is 


distance traveled 2nr 2/r(0.042 7 m) 


= | 1.79 x IQ" 8 s] 


constant speed v 1.50 xlO 7 m/s 
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P29.14 


Find the initial horizontal velocity component of an electron in the 
beam: 


-mv 2 xj = \q\AV 


_ | 2|q|Ay = / 2(1.60xlO~ 19 C) (2 500 V) 
V V m y 9.11 x 10“ 31 kg 
=2.96 xlO 7 m/s 


Gravitational deflection: The electron's horizontal component of 
velocity does not change, so its time of flight to the screen is 


A t= 


AX 

v 


0.350 m 
2.96xlO 7 m/s 


= 1.18 xlO -8 


s 


Its vertical deflection is downward: 


y=^g(Atf =^(9.80 m/s 2 )(l.l8xl0~ 8 s) 2 =6.84xlO" 16 m 
which is unobservably small. 

(a) |6.84x 10~ 16 m] 

(b) | down | 

Magnetic deflection: Use the cross 
product to find the initial direction of 
the magnetic force on an electron: 

velocity (north) x magnetic field 
(down) = -west = east. 

Because the direction of the magnetic 
force direction is always perpendicular 
to the velocity, the electron is deflected 
so that it curves toward the east in a 
circular path with radius r —see ANS. 

FIG. 29.14(a): 

_mv _ m l2jq AV 
r \q\B |q|B V m 

= 1 [2mAV~ 1 1 2(9.11xl0- 31 kg)(2500V) 

By || 20.0xlO -6 T y (l.60xl0“ 19 c) 



The path of the beam to the screen 
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Magnetic Fields 


P29.15 


subtends at the center of curvature an 
angle 6, as shown in ANS. FIG. 29.14(b): 

0 . -tfx) . J 0.350 oaQO 

6 =sm — =sm - =2.38 

( r) V 8.44 m ) 

The deflection to the east is 
Ay =r(l-cos$) 

=(8.44m)(l-cos2.38°) 

=0.007 26 m =7.26 mm 

(c) 1 7.26 mml 

(d) |east| 



ANS. FIG. P29.14(b) 


The speed of an electron in the beam remains constant, but its 
velocity direction changes as it travels along the path, and the 
force direction changes because it is always perpendicular to the 
velocity; therefore an electron does not move as a projectile with 
constant vector acceleration perpendicular to a constant 
northward component of velocity. 

(e) [The beam moves on an arc of a circle rather than on a parabola. | 


However, an electron's northward velocity component stays 
nearly constant, changing from V x = V to V x = v cos 2.38°. The 
relative change is 


Av x 

v x 


Vcos 238 — Y. =(l-cos2.38°) =0.000 863 - 0.000 9 


that is. 


(f) 


Its northward velocity component stays constant within 0.09%. 

It is a good approximation to think of it as moving on a parabola 
as it really moves on a circle. 


An electric field changes the speed of each particle according to 
(K + U)i = (K + U ) f . Therefore, noting that the particles start from rest, 
we can write 


qAV = -mv 2 


After they are fired, the particles have the magnetic field change their 
direction as described by = 


qvB 


mv 2 

r 


, mv m l2qAV i l2mAV 

thus r= W = W^I~ = ^\l~Q~ 
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P29.16 


P29.17 


For the protons, r p = ^ 
(a) For the deuterons. 


2m AV 


(b) For the alpha particles. 


(a) The magnetic force provides the centripetal force to keep the 
particle moving on a circle: 


XF =ma 


mv 

qvB sin 90.0°=— 


and the kinetic energy of the particle is 

K = —mv 2 
2 

Both equations have the same term mv 2 in common: 
From [1], mv 2 = qvBR, and from [2], mv 2 = 2/C. 
Setting these equal to each other gives 


[ 1 ] 


[ 2 ] 


mv 2 = qvBR = 2/C 


2/C 
= qBR 


oBR 

(b) From [1], we have m = -. Using our result from (a), we get 

m = = qBR f 


(qBR} 

q 2 B 2 R 2 

l 2 /C J 

2/C 


For each electron, Iql vB sin90.0° = rnV — an d y = 

11 r m 

The electrons have no internal structure to absorb energy, so the 
collision must be perfectly elastic: 


K =-m p v 2 : +0 =-m p v 2 

o e 1/ r> e 1 
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(1.60 x 1(T 19 C f (0.044 0T) 2 
2 ( 9.11 xlCT 31 kg) 

x[(0.010 0m) 2 +(0.024 Om) 2 ] 


=1.84 xl0~ 14 J = | 115 keV 


P29.18 For each electron, \q\ vB sin 90.0° =- and 1 / =-. 

11 r m 


The electrons have no internal structure to absorb energy, so the 
collision must be perfectly elastic: 


K = 

K = 


^m e vl +0 =^m e v l f +-^m e vl f 


e 2 6 2 r 2 


1 

+-m. 
2 6 


e 2 fi 2 r 2 



P29.19 (a) We begin with qvB = —— / or qRB = mv. 

But, L = mvR = qR 2 B. 

Therefore, 


fT = I 4.00xl0“ 25 J-s 

_, yqe — y (i.60x 10 19 c)(i.ooxio - 3 t) 

= | 5.00 cm] 


=0.050 0 m 


(b) Thus, 


4.00xlO -25 J-s 


-^=7 - ——^- 7 —tt - -v=r8.78xl0 6 m/s 

mR (9.11 xlO- 31 kg)(0.050 0 m) I- 


P29.20 (a) We must use a right-handed coordinate system, so treat north as 

the positive X direction, up as the positive y direction, and east as 
the positive Z direction. The ball's initial velocity is north, and is 
given by 

v, =vj +v yi ] =vl 

and the magnetic field is west, 

B = -Bk 
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The trajectory of the ball is that of an object moving under the 
influence of gravity: projectile motion. The ball's final velocity is 

v f =vj +v yf ) =vl + v yf ) 

where V = 20.0 m/s, because under gravity, the horizontal 
component of velocity does not change. 

We find the final y component of velocity of the ball after it falls a 
distance h and just before it hits the ground: 

^=^+2 a y (y f -y i ) 


Substituting and solving, 

v^=0+2 {-g)[-h) -> =-^2gh 

The force on the ball just before it hits the ground is 
F b =Qv x B =Q (vi +v yf ])x(-Bk) =q[v1- 

=-QBv^i x k) +QByf2gh{j x k) =-QBv[-]) +QBjlgh(l) 
=QB^2gti +\/j] 

=(5.00xlO" 6 C)(0.010 0T) 

x^2(9.80 m/s 2 )(20.0m)i +(20.0m/s)jJ 
= (o.990 xlO^i+l.OOxlO^jjN 


(b) We find the time interval the ball takes to reach the ground under 
the acceleration due to gravity: 


Ay =h =-gAt 2 At = a j— 


(2h = [ 
V 9 V 


2(20.0 m) 

9.80 m/s 2 


We can estimate an extreme upper bound in the change in the 
ball's horizontal velocity caused by the magnetic force by 
assuming the average horizontal component of the force to be half 
its final maximum horizontal value of 0.990 x 10” 6 N. For such an 
average horizontal component over the entire fall, the change in 
the horizontal velocity would be less than 


F 0.5 0.990 x 10" 6 N , 

Av x =a x At =—At = - V --(2.02 s 

x x m 0.0300 kg 


=3.33 x 10~ 5 m/s 
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Compare this to the initial value of 20.0 m/s: 

20.0 m/s 1q6 
3.33 xl0“ 5 m/s 

Yes. In the vertical direction, the gravitational force on the ball 
is 0.294 N, five orders of magnitude larger than the magnetic 
force. In the horizontal direction, the change in the horizontal 
component of velocity due to the magnetic force is six orders of 
magnitude smaller than the horizontal velocity component. 

P29.21 By conservation of energy for the proton-electric field system in the 
process that set the proton moving, its kinetic energy is 

E = -mv 2 = eAV 
2 

so its speed is 



Now Newton's second law for its circular motion in the magnetic field 
gives 

X,F = ma which becomes = evB sin 90°. 

mv _ m 1 2eAV _ i l2mAV 
so b ~ W ~ W\~m~ ~ R^~e~‘ 

and 


= 7.88 xl0“ 12 T 


2(l.67x 10' 27 kg)(l0.0x 10 6 V) 


1.60 xlO -19 C 


P29.22 (a) The boundary between a region of strong magnetic field and a 

region of zero field cannot be perfectly sharp, but we ignore the 
thickness of the transition zone. In the field the electron moves on 
an arc of a circle: 


XF =ma: |q| vB sin 90°=^^- 

v _ _\q\B _(l.60x 10“ 19 C)(ir 3 N-s/C-m) 
7 ~° } m 9.11 xl0“ 31 kg 

=1.76 xlO 8 rad/s 
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P29.23 


The time for one half revolution is, from Ad = coAt, 
. . A 6 K rad 


co 1.76 xlO 8 rad/s 


- = | 1.79 x 1CT 8 s I 


(b) The maximum depth of penetration is the radius of the path. The 
magnetic force cannot alter the kinetic energy of the electron. 
Then, 


v=cor =(l.76xl0 8 s -1 )(0.020 0 m) =3.51 xlO 6 m/s 


and 


K =^mv 2 =|(9.11xl0" 31 kg)(3.51xl0 6 m/s) 2 


=5.62 x 10“ 18 J = 


5.62 x 10~ 18 J 
1.60xlO -19 J/eV 


=| 35.1 eV | 


To find the ratio of the masses, we first use conservation of energy to 
find the velocity of each particle after it has been accelerated by the 
potential drop: 

1 2 / Al/ \ l2q(AV) 

-mv 2 =q(AV ) so v =J— -- 

2 ' V m 

The radius of the particles' orbits is given by 

_mv _ m^j2q(A\/ )/m 
qB qB 

Squaring gives, for the first particle, 

2 m 2[AV) 
q B 2 

and, for the second particle, 

Ir'Y =— 

{ 1 q' B 2 
Solving for the masses gives 
_ qB 2 r 


~2(AV) 


and (m') 


B2 ( f, ) : 

2(AV) 


—=— ={—Y—Y =f8i 

m q r 2 leA/W ^—' 
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Section 29.3 Applications Involving Charged Particles 
Moving in a Magnetic Field 

P29.24 (a) The name "cyclotron frequency" refers to the angular frequency 

or angular speed 

_ Q B 


For protons. 


(l.60 x 1CT 19 c)(0.450 T) 
1.67 x 1(T 27 kg 

mv 


= 4.31xl0 7 rad/s 


(b) The path radius is R = -g^-. 

Just before the protons escape, their speed is 

BqR (0.450 T)(l.60x 10 -19 c)(l.20m) 


1.67 xlO' 27 kg 


5.17 xlO 7 m/s 


P29.25 In the velocity selector. 


E 2 500 V/m „„„ , 

v= — = --— = 7.14 x 10 m/s 

B 0.035 0 T 

In the deflection chamber, 

. - mv _(2.18x 10~ 26 kg)(7.14xl0 4 m/s) _ 

r ~~qB (l.60xl0~ 19 C)(0.035 0T) 

P29.26 We first determine the velocity of the particles from 

K =-mv 2 =q[AV ) 


-f 


2q(AV) 


Then, from 


i- i i _ -*i mv 

F s = QvxB = —- 


we solve for the radius: 


_mv _m l2q(AV )/m _1 l2m(AV ) 
r ~~qB ~~q]l B B]j q 
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P29.27 


(a) Substituting numerical values for uranium-238, 

J i ^ |2[238(l.66xlCT 27 kg)](2 000 v) 

r 2 ss _ ^ L2 ot J]l 1.60 xl0~ 19 C 

=8.28 x 10~ 2 m= | 8.28 cirT] 

(b) For uranium-235 ions, 

_( 1 ) 1 2[235(l.66xl0' 27 kg)](2 000 v) 

r 235 _ ^ L2 ot JV 1.60 xlO -19 C 

=8.23 x 10~ 2 m = |8.23 cm| 


(c) From r we see for two different masses m A and | 

m B of the same charge q, the ratio of the path radii is — = 


(d) | The ratio of the path radii is independent of A\A | 

(e) | The ratio of the path radii is independent of 5. | 

Note that the "cyclotron frequency" is an angular speed. The motion of 
the proton is described by 

= ma: 

|q|i/fisin90°=— 


\q\B =m- =mco 

\q\B (l.60x 10~ 19 c)(0.800 N-s/C-mVkg-m 
(a) (1.67 xlO- 27 kg) 

=1 7.66 xlO 7 rad/s I 


(b) v=ar=(7. 66xlO 7 rad/s)(0.350 = | 2.68xlO 7 rr^Tj 


(C) K =\™ 2 =|(l-67 X10- 27 kg)(2.68 x 10 2 m/s) : ^ ^ ^ ] 


= 3.76xl0 6 eV 
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P29.28 


(d) The kinetic energy of the proton changes by A K = eAV = e(600 V) = 
600 eV twice during each revolution, so the number of 
revolutions is 

3.76 x 10 eV _| 3 ^3 x 10 3 revolutions I 
2 (600 eV) 1 - 1 

(e) From 0 = co At, 


3.13 xlO 3 rev (In rad 3 


= 2.57 x 1(T s 


co 7.66 x 10 7 rad/s ^ 1 rev ) 

(a) The path radius is r = mv/qB, which we can write in terms of the 
(kinetic) energy E of the particle: 


E = K = -mv 
2 


’ KB 

_ mv _ m_f 2E_ V /2 _ m_f 1_ 
qB qB{m) qBym, 


,V 2 m yi 2 1/2 

E 1/2 _ 111 ^ pl/2 

qB 


Differentiating, we get, 
dr _m 1 / 2 2 1/2 d(E 112 ) 


m 1/2 2 1/2 [~ 1 lc-y 2 \dE ' 
qB [_2 X dt _ 


qB 

dt 

qB 


_m 1/2 2 1/2 1 

'( 1 
-mv 
[12 

■r 

1 dE 

qB 2 

j 

\ dt 

_m 1/2 2 1/2 1 

- 2 V 2 1 

dE _ 

1 dE 

qB 2 

_m ll2 v \ 

dt 

qBv dt 


From the relation r = mv/qB, we have v = qBr/m, which we 
substitute: 

dr _ 1 dE _ 1 m dE _ m IdE 
dt qBv dt qB qBr dt q 2 B 2 r dt 


From the relation for the particle's average rate of increase in 
energy (given in the problem), we have 

dr _ m if q 2 BAV _ 1AU 
dt q 2 B 2 r{ nm ) r nB 


(b) 


The dashed red line in Figure 29.16a spirals around many times, 
with its turns relatively far apart on the inside and closer together 
on the outside. This demonstrates the 1/r behavior of the rate of 
change in radius exhibited by the result in part (a). 
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P29.29 


P29.30 


(<) ^ 


dr 1AV 


600 V 


dt rnB 0.350 m n (0.800 T) 
(d) We use the approximation 


=|682 m/s| 


A r - —At = 
dt 


dt 


-f 1Av l 

f 2nm) 

_2A Vm 

{rnB) 

{ qB J 

rqB 2 


2(600 V)(l.67 xlO -27 kg) 

(0.350 m)(l.60 x 10“ 19 c)(0.800T) 2 
=5.59x 10~ 5 m= |55.9 pm\ 

Fro the electron to travel undeflected, we require F B = F ^ so 
qvB = qE 
f2K 


where V = ^— and K is kinetic energy of the electron. Then, 

[2K |2(750eV)(l.60xl0- 19 J/eV), > 

E =vB = — B = —-----1 o.015 0T 

V m 9.11 x 10“ 3 kg v 1 

= |244 kV/rn] 


(a) 

Yes: The constituent of the beam is present in all kinds of atoms. 




(b) 

Yes: Everything in the beam has a single charge-to-mass ratio. 




(c) 

In a charged macroscopic object most of the atoms are 
uncharged. A molecule never has all of its atoms ionized. 
Any atom other than hydrogen contains neutrons and so 
has more mass per charge if it is ionized than hydrogen 
does. The greatest charge-to-mass ratio Thomson could 
expect was then for ionized hydrogen, 

1.6 xlO" 19 C/1.67 xlO" 27 kg 
smaller than the value e/m he measured, 

1.6xlO' 19 C/9.11 xlO' 31 kg 
by 1 836 times. The particles in his beam could not be 
whole atoms, but rather must be much smaller in mass. 



(d) With kinetic energy 100 eV, an electron has speed given by 

—mv 2 = 100 eV 
2 
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P29.31 


from which we obtain 




12(l00 eV)(l.6x 10“ 19 J/eV) 

9.11 xl0~ 31 kg 


=5.93 xlO 6 m/s 


The time interval to travel 40.0 cm is 


5.93xl0 6 m/s 
If it is fired horizontally it will fall vertically by 

y=-g? =-(9.80 m/s 2 )(6.75xl0- 8 s) 2 =2.24 xlO' 1 


an immeasurably small amount. An electron with higher energy 
falls by a smaller amount. 

No. The particles move with speed on the order of ten m illi on 
meters per second, so they fall by an immeasurably small 
amount over a distance of less than 1 m. 


From the large triangle in ANS. FIG. P29.31(a): 


6 =tan 1 



= 68 . 2 ° 


The electron beam, at the point where it 
enters the magnetic field region, travels to 
the right, but the beam, at the point it where 
emerges from the magnetic field region, has 
been deflected from its original direction by 
angle 0. Because the radius R is always 
perpendicular to the path, the radii drawn 
to these points form the same angle 6 with 
each other. The length of the hypotenuse of 
the small right triangle appearing in ANS. 

FIG. P29.31(a) - shown in close-up in 
ANS. FIG. P29.31(b) - equals the radius R, 
and the base of the triangle equals the width 
of the magnetic field region, 1.00 cm. Therefore, 



R 


ANS. FIG. P29.31(b) 



1.00 cm 
sin 68.2° 


=1.08 cm 


Ignoring relativistic correction, the kinetic energy of the electrons is 


mv 2 = qAV 
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so 


[2qAV~_ j2(l.60xlCT 19 C)(50.0xl0 3 v)AV 
9.11 xlO -31 kg 

=1.33 xlO 8 m/s 


From Newton's second law, —— = qvB , we find the magnetic field: 
rm_ _ <9.11 x 1(T 31 kg)(l.33 x 10 s m/s) 

\q\R (l.60xl0 ~ 19 c)(l.08x 10 " 2 m) I— : - 1 


Section 29.4 Magnetic Force on a Current-Carrying Conductor 

P29.32 (a) The magnitude of the magnetic force is given by 

F = I LB sin d =(3.00 A)(0.140 m)(0.280 T)sin90° = |0.118 N| 


P29.33 


(b) 


(a) 


Neither the direction of the magnetic field nor that of the current) 
is given. Both must be known in order to determine the direction] 
of the magnetic force.) In this problem, you can only say that the 
force is perpendicular to both the wire and the field. 

From F = B/L sind, the magnetic field is 


B _ F/L 0.120 N/m 
I sind (15.0 A)sin90° 


=| 8.00 x 10~ 3 ~T~| 


P29.34 


(b) 


The magnetic field must be in | the +z direction | to produce a 
force in the -y direction when the current is in the +X direction. 


(a) F b = I LB sind =(5.00 A)(2.80 m)(0.390 T)sin60.0° = | 4.73 N 

(b) F b =(5.00 A)(2.80 m)(0.390 T)sin90.0° = | 5.46 N | 


(c) F b =(5.00 A)(2.80 m)(0.390 T)sinl20° =| 4.73 N 


P22.35 The vector magnetic force on the wire is 

F B =/lxB =(2.40 A)(0.750 m)ix(l.60 T)k = 


-2.88j N 
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P22.36 At all points on the wire, the magnetic force is upward and the 

gravitational force is downward. For the entire length L of the wire, 
apply the particle in equilibrium model, assuming that the wire is 
levitated as claimed, and then solve for the required magnetic field B: 

IF = F B -F,= 0 -> mg = ILB -> B = ® 

Express the mass of the wire in terms of the density of copper and its 
volume and the current in terms of the power delivered to the wire of 
resistance R: 

R = (pcy)a = Pqyg Ir 

urn]i l ip 


Substitute for the volume of the wire and its resistance in terms of its 
length L and area A: 

o _Pcu[AL)g IpL/A [pLA 

° - i — v~p - Pcu 

where p is the resistivity of copper. Express the length L of the wire in 
terms of the radius of the Earth and the area A of the wire in terms of 
its radius: 


B =p Cu 9: 


p(2nR E )(nr 2 ) 


= xPcu9F\ 


Substitute numerical values: 

B =^r(8.92xl0 3 kg/m 3 )(9.80 m/s 2 )(l.00xl0- 3 m) 

l2(l.7 x 10“ 8 Q m)(6.37xl0 6 m) 


= 1.28 x 10 -2 T 


P29.37 


This field magnitude is far larger than that of the Earth, which is about 
30 jtiT at the equator. Therefore, this wire could not be levitated in the 
Earth's magnetic field as described. 


Refer to ANS. FIG. P29.37. The rod feels 
force 

F b =/ (lxb) =/d(k)x s(-j) =/ds(i) 

From the work-energy theorem, we have 

K™+0, +A E=(k^+kJ, 



ANS. FIG. P29.37 
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P29.38 


P29.39 


0 +0 +F e L cos# 

1 2 1, 2 
=-mv H — let) 2 

2 2 

IdBL cosO 0 =^mv 2 

IdBL = -mv 2 

4 


_ [4 IdBL _ 

1 4(48.0 A)(0.120 m)(0.240 T)(0.450 m) 

V \ 3m ]j 

3(0.720 kg) 

=| 1.07 m/s 

1 


Refer to ANS. FIG. P29.37 above. The rod feels force 

F b =/ (dx b) =/d(k)x s(-j) =/c/s(i) 


From the work-energy theorem, we have 

(Ktrans +0, +AE =(^trans +K rot) f 

0 +0 +F R L cos 6 =-mv 2 +-lo> 2 

B 2 2 

(IBL )afcos0° =|mu 2 2 )(£) 

Solving for the velocity gives 
V = 

(a) The magnetic force must be upward to lift 

the wire. For current in the south direction, 
the magnetic field must be | east | to 
produce an upward force, as shown by the 
right-hand rule in the figure. ANS. FIG. P29.39 

(b) F s = /LBsin# with F B = F g = mg 

mg = ILB sin# so —g = IB sin# —> B = ——-— 

L L I sin# 




_m 9 _| 

f 0.500 xl0‘ 3 kg 

( 9.80 m/s 2 "j 

L 1 sin# 

[ 1.00 xlO -2 m J 

[(2.00 A)sin90.0°J 
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P29.40 


P29.41 


P29.42 


(a) 


(b) 


(c) The minimum magnetic filed would be perpendicular to the 
current in the wire so that the magnetic force is a maximum. For 
the magnetic force to be directed upward when the current is 
toward the left, B must be directed out of the page. Then, 

F b =0-13^ sin 90° =mg 
from which we obtain 

_mg _(0.015 0 kg)(9.80 m/s 2 ) 

1,1111 IL (5.00 A)(0.150 m) 

= [0.196 T, out of the page | 

(d) If the field exceeds 0.200 T, the upward magnetic force exceeds 
the downward gravitational force, so the wire accelerates 
upward. 

(a) The magnitude of the force is 

F =ILBsm6 

=(2.20xlO 3 A)(58.0 m)(5.00xl0“ 5 N)sin65.0° 

= | 5.78 Iff 

(b) By the right-hand rule, the direction of the magnetic force is 
| into the page] , 

(a) Refer to ANS. FIG. P29.42. The magnetic field is perpendicular to 
all line elements ds on the ring, so the magnetic force dF = Ids x B 
on each element has magnitude / |ds x b| = IdsB and is radially 
inward and upward, at angle 6 above the radial line. The radially 
inward components / dsB cos 6 tend to squeeze the ring but all 
cancel out because forces on opposite sides of the ring cancel in 
pairs. The upward components / dsB sin 6 all add to / [inr)Bsin 6. 

(a) magnitude: 1 2nrIB sirTflj 

(b) direction: | up, away from magnet | 


The magnetic force and the gravitational force both act 
on the wire. 

When the magnetic force is upward and balances the downward 
gravitational force, the net force on the wire is zero, and the wire 
can move upward at constant velocity. 
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ANS. FIG. P29.42 

P29.43 Take the X axis east, the y axis up, and the Z axis 
south. The field is 

B = (52.0 //T)cos60.0°(-k) 

+ (52.0 J uT)sin60.0°(-j) 

The current then has equivalent length: 

L' =1.40 m(-k) +0.850 m(j) 

The magnetic force is then 

F e =/L'xB=(0.035 0 A)(o.850j- 1.40k) m 

x (-45.0j - 26.0kjlO -6 T 

F e =3.50 xhT 8 N (-22.1i - 63.Oi) =2.98 x 10“ 6 N(-i) 

= | 2.98 pN west | 

P29.44 For each segment, / = 5.00 A and B = 0.020 0j T. 

Segment i F e =/ (i x b) 

(a) db -0.400 m j 

(b) be 0.400 mk | -40.0i mN | 

(c) cd -0.400 m i +0.400 m j 

(d) da 0.400 m i - 0.400 m k 


-40.0k mN | 

(40.0i +40.0k) mN 
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(e) 


The forces on the four segments must add to zero, so the force 
on the fourth segment must be the negative of the resultant of 
the forces on the other three. 

y\ 

d 

z "" 

tut 

ANS. FIG. P29.44 



Section 29.5 Torque on a Current Loop in a 
Uniform Magnetic Field 

*P29.45 (a) From Equation 29.17, we have 

T =pxB 

so r =(0.10 A-m 2 )(0.080 T)sin30° = [40 mN-m| . 

(b) The potential energy of a system of a magnetic moment in a 
magnetic field is given by Equation 29.18: 

U = -fi B = gBcos(j) = (0.10 A • m 2 )(0.080 T)cos30° 

= [-6.9 mj | 

*P29.46 The torque on a current loop in a magnetic field is r = BIAN sind, and 
maximum torque occurs when the field is directed parallel to the plane 
of the loop (6= 90°). Thus, 

T max =(0.500 T)(25.0xl0“ 3 a) 

x|^7r(5.00x 10~ 2 m) 2 J(50.0)sin90.0° 

= |4.91xl0~ 3 N-m| 


P29.47 (a) The field exerts torque on the needle tending to align it with the 

field, so the minimum energy orientation of the needle is: 

^pointing north at 48.0° below the horizontal | 

where its energy is 

=-jUBcos0° =-(9.70x 10~ 3 A m 2 )(55.0xl0“ 6 t) 
=-5.34 xlO- 7 J 
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P29.48 


(b) It has maximum energy when pointing in the opposite direction, 

| south at 48.0° above the horizontal | 

where its energy is 

U max =-ju6cosl80° =+(9.70 x 1CT 3 A-m 2 )(55.0xl0“ 6 t) 

= ■45.34 xlCT 7 J 

(c) From U min +W =U max , we have 

W =U,„„ -U mm =45.34x 10 7 J-(-5.34x10 7 j) 

14 | 

(a) From the circumference of the loop, 2 nr = 2.00 m, we find its 
radius to be r = 0.318 m. The magnitude of the magnetic moment 
is then 

p=IA =(l7.0x 10“ 3 a)[tt( 0.318) 2 m 2 ]= | 5.41 mA-m 2 | 

(b) The torque on the loop is given by Equation 29.17, x =p x B , and 
its magnitude is 

r =(5.41 x 10“ 3 A • m 2 )(0.800 T) = | 4.33mN-mT] 


!f 'P29.49 The area of the elliptical loop is given by A = neb, where a = 0.200 m 
and b = 0.150 m. Since the field is parallel to the plane of the loop, 

9 = 90° and the magnitude of the torque is 
t =NBIA sin# 

=8(2.00xlO" 4 T)(6.00 A)[tt( 0.200 m)(0.150 m)]sin90.0° 
= [9.05 x IQ- 4 N-m] 

The torque is directed to make the left-hand side of the loop move 
toward you and the right-hand side move away. 

P29.50 (a) |x| =|jixB| =NIABsinG 

T max =80(lO.O x 10’ 3 a)( 0.025 0 m)(0.040 0 m)(0.800 T)sin90.0° 

= [~6.40 x 10 -4 N • m~| 

(b) P max =T max (y =(6.40 x 10 -4 N • m)(3 600 rev/min )^ ^ ^ j^ j 
= fa241 W I 
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P29.51 


P29.52 


(c) In one half revolution the work is 

1/1/ =U mm -U^ =-jUBcosl80°- (-juBcosO 0 ) =2 \S 
=2NIAB =2(6.40 xlO" 4 N-m) =1.28 xlO" 3 J 


In one full revolution, 1/1/ =2(1.28 x 10 3 j) =| 2.56 x 10 3 J |. 


(d) The time for one revolution is A t= 


3600 rev 60 




(1/60) £ 


The peak power in (b) is greater by the factor —. 

(a) r = NBA! sirup 

r =100(0.800 T)(0.400x 0.300 m 2 )x(l.20 A)sin60° 

l HjBf.98N-m | 

(b) Note that (f> is the angle between the magnetic moment and the B 
field. The loop will rotate so as to align the magnetic moment 
with the B field, Clockwise as seen looking down from a position] 

^n the positive y axis] 



ANS. FIG. P29.51 


(a) 


The current in segment db is in the +y 
direction. Thus, by the right-hand rule, the 
magnetic force on it is in the | +x direction | . 




ANS. FIG. P29.52 


(b) Imagine the force on segment db being 
concentrated at its center. Then, with a 
pivot at point a (a point on the X axis), this 
force would tend to rotate segment ab in a clockwise direction 
about the Z axis, so the direction of this 
I torque is in the - z direction I. 
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P29.53 


(c) The current in segment cd is in the -y direction, and the right- 
hand rule gives the direction of the magnetic force as the 
|-x direction | . 

(d) With a pivot at point d (a point on the X axis), the force on 
segment cd (to the left, in -X direction) would tend to rotate it 
counterclockwise about the Z axis, and the direction of this 
[torque is in the +Z direction | . 

(e) 

(f) 


(g) The magnetic force is perpendicular to both the direction of the 
current in be (the +X direction) and the magnetic field. As given 
by the right-hand rule, this places it 

[ituthe yz plane at 130° counterclockwise from the +y axis. | 

(h) The force acting on segment be tends to rotate it counterclockwise 
about the X axis, so the torque is in | the +x direction | . 

(i) [Zero. | There is no torque about the x axis because the lever arm 
of the force on segment dd is zero. 

(j) From the answers to (b), (d), (f), and (h), the loop tends to rotate 
| counterclockwise | about the x axis. 

(k) p = IAN = (0.900 A)[(0.500 m)(0.300 m)](l) = |0.135 A-m 2 | 

(l) The magnetic moment vector is perpendicular to the plane of the 
loop (the xy plane), and is therefore parallel to the z axis. Because 
the current flows clockwise around the loop, the magnetic 
moment vector is directed downward, in the negative Z direction. 
This means that the angle between it and the direction of the 
magnetic field is 6 =90.0° +40.0 130° 

(m) r =pBsm6 =(o.l 35 A-m 2 )(l.50 T)sin(l30°)= |0-155 N-m| 

(a) From Equation 29.17, f =p x B , so the maximum magnitude of 
the torque on the loop is 

r =|px b| =pBsmd =NIABsmd 


s 

Both the forces and the torques are equal in magnitude and 
opposite in direction, so they sum to zero and cannot affect 
the motion of the loop. 
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T max =NiAB sin90.0° 

=1(5.00 A)[^:(0.0500 m) 2 ](3.00xl0- 3 t) 

= | 118 /iN-~rn~| 

(b) The potential energy is given by 

U =-p B 

so ~ijB<U < +ju6 
Now, since 

gB=[NIA)B 

=1(5.00 A)[tt( 0.0500 m) 2 ](3.00xl0“ 3 t) 

=118 IJ J 

the range of the potential energy is: | -118 /J] <U < +118 yutj | . 


Section 29.6 The Hall Effect 

, x Al/ IB nqt B 0.0800 T 

P29.54 (a) AV,, = - so - = - = - -— 

w H nqt I AV h 0.700 x 10" 6 V 

Then, the unknown field is 

B 


= 1.14 x10 s T/V 


=(t^)(av h ) 

=(l.l4xl0 5 T/v)(0.330xl0“ 6 v)=0.037 7T= | 37.7 mT | 


nqt _ 


(b) -j- = 1.14 x 10 s T/V so 

n =(l.l4xl0 5 T/v)^ 


=(l,14xl0 5 T/V)| 
=| 4.29xl0 2r rn 


(l.60xl0“ 19 C)(2.00xl0- 3 m) 
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P29.55 The magnetic field can be found from the Hall effect voltage. Equation 
29.22: 

AV h =^~ 

H net 

Solving for the magnetic field gives 
B _ nqt( AV h ) 

_(8.46xl0 28 m _3 )(l.60xl0" 19 c)(0.500xl0" 2 m)(5.10xl0~ 12 v) 
8.00 A 

B =4.31 x 10' 5 T = | 43.1 yUT | 


Additional Problems 

P29.56 From X F = ma , we have 

mv 2 

qvB sin 90.0°=— 

therefore, the angular frequency for each ion is 

v QB „ £ 

- = (o = — = 2nf 


and 


Acd =(y 12 - ft), 4 =qB 

_(l.60x 10“ 19 C)(2.40T) 


(1.66 xl0‘ 27 kg/i 
A© =2.75 xlO 6 s _1 =1 2.75 Mrad/s 


h] - U2.0u 14.0 uj 


(a) The current carried by the electron is 
a/ 

/ =-, and the magnetic moment is 

2k r 


given by 
fJ=IA= | 


6 / 

27TT 



ANS. FIG. P29.57 


=| 9.27 x 10~ 24 A-m 2 
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The Bohr model predicts the correct magnetic moment. 
However, the "planetary model" is seriously deficient in other 
regards. 

(b) Because the electron is (-), its [conventional] current is 

clockwise, as seen from above, and /J points | downward | . 


P29.58 (a) Define vector h to have the downward direction of the current, 

and vector L to be along the pipe into the page as shown. The 
| electric current experiences a magnetic force | : 

/ (h x b) in the direction of L. 



ANS. FIG. P29.58 


(b) The sodium, consisting of ions and electrons, flows along the pipe 
transporting no net charge. But inside the section of length L , 
electrons drift upward to constitute downward electric current 
J x (area) =J Lw. 

The current then feels a magnetic force / |h x b| =J LwhB sin.90 0 . 


This force along the pipe axis will make the fluid move, exerting 
pressure 


F J LwhB 
area hw 


m 


(C) 


Charge moves within the fluid inside the length L, but 
charge does not accumulate: the fluid is not charged 
after it leaves the pump. 


(d) | It is not current-carrying, | and 

(e) | it is not magnetized. | 
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P29.59 (a) The net force is the Lorentz force given by 

F =CjE +Cjv x B =q[ E +v x b) 

F =(3.20 x 10 -19 ) 

[(4i - lj - 2k) +(2i +3j - lk)x (2i +4j +lk)] N 


Carrying out the indicated operations, we find: 

F=n 


(3.52i- 1.60j)x 10 18 N 




(b) 6 =cos 1 

below the +x axis. 


3.52 


^(3.52 ) 2 +(l.60) 2 


= |24.4°| 


P29.60 


(a) 


At the moment shown in Figure 29.11, the particle must be 
moving upward in order for the magnetic force on it to be 


into the page, toward the center of this turn of its spiral path. 
Throughout its motion it circulates clockwise. 



B 


ANS. FIG. P29.60(a) 


(b) After the particle has passed the middle of the bottle and moves 
into the region of increasing magnetic field, the magnetic force on 
it has a component to the left (as well as a radially inward 
component) as shown. This force in the -X direction slows and 
reverses the particle's motion along the axis. 


B 


ANS. FIG. P29.60(b) 

(c) The magnetic force is perpendicular to the velocity and does no 
work on the particle. The particle keeps constant kinetic energy. 
As its axial velocity component decreases, its tangential velocity 
component increases. 
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(d) The orbiting particle constitutes a loop of current in the yz plane 
and therefore a magnetic dipole moment IA-^A in the -X 
direction. It is like a little bar magnet with its N pole on the left. 


ANS. FIG. P29.60(d) 


P29.61 


Let Ax 1 be the elongation due to the weight of the wire and let Ax 2 be 
the additional elongation of the springs when the magnetic field is 
turned on. Then F magIietic = 2kAx 2 where k is the force constant of the 

spring and can be determined from k = ■ (The factor 2 is included 

in the two previous equations since there are 2 springs in parallel.) 
Combining these two equations, we find 



|f b | = / |£x b| = ILB 


I -VWV-^C- 

I I 12.0 Q 24.0 V 

© | © © ® © 

®| ® © © ® 

!•*—5.00 cm * 

ANS. FIG. P29.61 

24.0 V 

Therefore, where / =-= 2.00 A, 

12.0 £2 

B _mgAx 2 _(0.100kg)(9.80m/s 2 )(3.00xl0- 3 m) 

~~ iLAx, (2.00 A)(0.050 0 m)(5.00x 10~ 3 m) 



= | 0.588 T | 


P29.62 (a) The particle moves in an arc of a circle with radius 

mv 1.67 x 10~ 27 kg 3 x 10 7 m/s C m r———, 

r = — =--—4-= 12.5 km 

qB 1.6 x 10" 19 C 25 x 10" 6 N s - 1 


(b) 


It will not arrive at the center, but will perform a hairpin turn 
and go back parallel to its original direction. 
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P29.63 


P29.64 


Let (/, represent the original speed of the alpha particle. Let v o and v p 
represent the particles' speeds after the collision. We have 
conservation of momentum 


4 rripVi =4 m p v a +m p v p -> 4t/ ( =4v a +v p 

and the relative velocity equation 

v u ~ v 2 i = v 2f -v u -> V; - 0 = v p - v a 

Eliminating y, 

3 

4v p -4v a =4i/ a +v p 3v p =8v a v a =-v p 

For the proton's motion in the magnetic field, 

m V 2 pRR 

XF=ma -> ev B sin90° =—^ ^ — =v 0 

R m p p 


For the alpha particle, 

4 m.vl 

2 a/B sin 90 °=— p — 
r a 

and the radius of the alpha particle's trajectory is given by 
_ 2m p v a _ 2m p 3 _ 2 m p 3 eBR 

“ eB eB 8 p eB 8 m p 

(a) If B =B X i +B y j +B Z k, then 

F B =qv x B =e( v'i ) x (e x i +B y j +6 z k) =0 +o/ ( 6 y k - a/,e z j 
Since the force actually experienced is F B = F ( j, observe that 


| B x could have any value | , | B y = 0 | , and 

(b) If v = -Vji , then 

Fg =Cjv x B =e(-v,.i) x | B x i +0j - — k 

(c) If q = -e and v = - \/ ( i, then 

Fg =QvxB =-e(-V / i)x^6 x i +0j-^-kj =| gfj | 

Reversing either the velocity or the sign of the charge reverses the 
force. 
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P29.65 


P29.66 


P29.67 


P29.68 


From the particle in equilibrium model, 

£F y = 0: +n-mg=0 

Y,F X = 0: - f k + F b = -/!/)+ /6dsin90.0° = 0 

Solving for the magnetic field gives 

„ _U,mg _0.100(0.200kg)(9.80 m/s 2 ) 

Id (lO.O A){0.500 m) ~l I 

From the particle in equilibrium model, 

X F y =0: +n - mg =0 
£F X = 0: - f k +F B = - J u k n+IBdsin90.0° = 0 

Solving for the magnetic field gives 


B = 


F k mg 


Id 


(a) 

(b) 

(c) 


The field should be in the +Z-direction, perpendicular to the final 
as well as to the initial velocity, and with i x k = - j as the 
direction of the initial force. 

mv (l.67xl0" 27 kg)(20xl0 6 m/s) r _, 

r =— =) -- -4 = 0.696 m 

qB (l.60 x 10 9 C)(0.3 N-s/C-m) 1 - 1 

The path is a quarter circle, of length 
s =dr =f|j(0.696 m) = |l.09m| 


(d) A t= --= 54.7 ns 

20.0 x 10 6 m/s 1 - 1 

Suppose the input power is 120 W = (120 V)/, which gives a current of 
I / ~1 A = 10° A I 


Also suppose 

to = 2 000 rev/min 


('lmtaV2» 

l 60s A 1 


2k rad ^ 


200 rad/s 


and the output power is 

20 W =T co =t( 200 rad/s) 


The torque is then r ~ 10 1 N • m 
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Suppose the area is about (3 cm) x (4 cm), or | A ~ 10 3 m 2 | 
Suppose that the field is | 5 ~ KT 1 T~| 

Then, the number of turns in the coil may be found from 
T = NIAB- 

0.1 N • m ~ N (1 C/s)(l0 -3 m 2 ((lO' 1 N • s/C • m) 
giving | A/ ~ 10 3 ~| 

The results are: 

(a) | S-ICT 1 T | (b) | r ~ 10- 1 N-m~| (c) | / ~1 A = 10°X] 

(d) | A ~ IQ- 3 m 2 | (e) | N ~ 10 3 | 


P29.69 The sphere is in translational equilibrium; 
thus 

f s - Mgsind = 0 

The sphere is also in rotational 
equilibrium. If torques are taken about 
the center of the sphere, the magnetic 
field produces a clockwise torque of 
magnitude pBsin 6 , and the frictional 
force a counterclockwise torque of 



ANS. FIG. P29.69 


magnitude /j/1, where R is the radius of the sphere. Thus, 
fJR-pBsind =0 


[ 2 ] 


From [1], we obtain f s = M g sin 6. Substituting this into [2], the sin 6 
term will cancel—see part (b) below. One obtains 

IuB=MgR [3] 

Now, p =N!kR 2 . Thus [3] gives 

Mg Jo.080 0 kg)(9.80 m/s 2 ) _ 

(a) kNBR 7t( 5)(0.350 T)(0.200 m) 

|~0/713 A counterclockwise as seen from above | 

(b) Substitute [1] into [2] and use p =NIA =NlnR 2 : 

f/t-pB sin 6 =0 
(Mg$kctf)R =pB$krtf 
MgR =pB =(NlnR 2 )B 
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P29.70 


P29.71 


P29.72 


solving for the current gives 
s _ Mg 
kNBR 


The current is clearly independent of 0. 


The radius of the circular path followed by the particle is 
_ mv _ (2.00 x 1(T 13 kg)(2.00 x 10 5 m/s) 
f ~~qB (l.OO x KT 6 c)(0.400 T) 


This is exactly equal to the length h of the field region. Therefore, the 
particle will not exit the field at the top, but rather will complete a 
semicircle in the magnetic field region and will exit at the bottom, 
traveling in the opposite direction with the same speed. 


(a) 


When switch 5 is closed, a total current NI 
(current / in a total of N conductors) flows 
toward the right through the lower side of 
the coil. This results in a downward force 
of magnitude F m = B(N l)w being exerted on 
the coil by the magnetic field, with the 
requirement that the balance exert a 
upward force F' = mg on the coil to bring 
the system back into balance. 


' 

F' = mg 

./I 

* NI 


ANS. FIG. P29.71 


For the system to be restored to balance, it is necessary that 


F m = F' or B(Nl)w = mg, giving B = \mg/Nlw\ 


(b) 


The magnetic field exerts forces of equal magnitude and opposite 
directions on the two sides of the coils, so the forces cancel each 
other and do not affect the balance of the system. Hence, the 
vertical dimension of the coil is not needed. 


(c) 


B = M- - ( 20 -°xl0' 3 kg)(9.80 m/s 2 ) 

Nlw (50)(0.300 A)(5.00 xl(T 2 m) U - 


(a) 


The magnetic force acting on ions in the blood stream will deflect 
positive charges toward point A and negative charges toward 
point B. This separation of charges produces an electric field 
directed from A toward B. At equilibrium, the electric force 
caused by this field must balance the magnetic force, so 


q " s=qE= ‘{f) 
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P29.73 


which gives 

_AV 160 x 1CT 6 V 

~~Bd - (0.040 0 T)(3.00xl0- 3 m) 


=| 1.33 m/s 


(b) 


(c) 


Positive ions carried by the blood flow experience an upward 
force resulting in the upper wall of the blood vessel at electrode 
A becoming positively charged and the lower wall of the blood 
vessel at electrode B becoming negatively charged. 

No. Negative ions moving in the direction of V would be 
deflected toward point B, giving A a higher potential than B. 
Positive ions moving in the direction of V would be deflected 
toward A, again giving A a higher potential than B. Therefore, 
the sign of the potential difference does not depend on whether 
the ions in the blood are positively or negatively charged. 


Let V x and V ± be the components of the velocity of the positron parallel 
to and perpendicular to the direction of the magnetic field. 



ANS. FIG. P29.73 


(a) The pitch of trajectory is the distance moved along X by the 
positron during each period, T (determined by the cyclotron 
frequency): 


p =v x T =( '/cos 85.0 j 

^ _(5.00 x 10 6 )(cos85.0°)(27r)(9.11 x 1(T 31 ) 
P 0.150 (l.60 x 10" 19 ) 


=| 1.04 xlQ-S^j 


(b) The equation about circular motion in a magnetic field still 
applies to the radius of the spiral: 

_mv ± _mv sin85.0° 

Bq Bq 
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^ _(9.11 x 1(T 31 )(5.00 x 10 6 )(sin85.0°) 

; ~ (0.150)(l.60x 10 19 ) 


=| 1.89xl(T r m 


P29.74 (a) The torque on the dipole f =pxB has magnitude jl iB sin 6 ~ pB 0, 

proportional to the angular displacement if the angle is small. It is 
a restoring torque, tending to turn the dipole toward its 
equilibrium orientation. Then the statement that its motion is 
simple harmonic is true for small angular displacements. 

(b) The statement is true only for small angular displacements for 
which sin 6~ 6. 

(c) r = / a becomes 

-j uB9 =/ cfG/dtr -» cFe/dt? =-(/ uB/l)0 =-co 2 0 


where co =(/jB/I ) y2 is the angular frequency and 


f =cq/27T 


= j _ m 


2k\ I 


is the frequency in hertz. 

(d) The equilibrium orientation of the needle shows the direction of 
the field. In a stronger field, the frequency is higher. The 
frequency is easy to measure precisely over a wide range of 
values. 


(e) From part (c), we see that the frequency is proportional to the 
square root of the magnetic field strength: 



P29.75 


Therefore, 


B 2 =B l 



=(39.2 xicr 6 


t) 


4.90 Hz V 

0.680 Hz J 


=2.04 x!0~ 3 T= |2.04mT| 


(a) See the graph in ANS. FIG. P29.75. The Hall voltage is directly 
proportional to the magnetic field. A least-square fit to the data 
gives the equation of the best fitting line as: 


A\/ H =(1.00xl0“ 4 )e 

where AV U is in volts and 6 is in teslas. 
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P29.76 



(b) Comparing the equation of the line which fits the data to 



observe that the slope: — = 1.00 x 10 -4 , or 

net 

, JL 

nq( 1.00 xKT 4 ) 

Then, if / = 0.200 A, q = 1.60 x 10 -19 C, and n = 1.00 x 10 26 m -3 , the 
thickness of the sample is 

0.200 A 

(l.OOxlO 26 m“ 3 )(l.60xl0~ 19 C^LOOxlO" 4 V/t) 

=1.25x 10" 4 m = | 0.125 mm] 

Call the length of the rod L and the tension in each wire alone . 
Then, at equilibrium: 

£F X =Tsin 0-/L6sin 90.0° =0 or T sin 0 = I LB 
Y,F y =Tcosd- mg = 0 or T cos Q= mg 


combining the equations gives 
„ ILB IB 
tan mg (m/L)g 

solving for the magnetic field. 


(m/L)g 

B = ' y tang = 


^ptan 6 
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Challenge Problems 

P29.77 |t| = IAB where the effective current due to the orbiting electrons is 

, Aq q , , . , , , . _ 2 nR 

I - — = — and the period of the motion is T - -. 

At T F v 


The electron's speed in its orbit is found by requiring 


k e q 2 

R 2 


mv 2 

R 


or 


v = 



Substituting this expression for V into the equation for T, we find 


T =2 k 

=2 n 



I (9.11 xlO" 31 kg)(5.29xl0- n m) 3 

(l.60xl0~ 19 C) 2 (8.99xl0 9 N-m 2 /C 2 ) 


=1.52 x lO’ 16 s 


P29.78 


Therefore, 


I m)J](a40 ° T) 

= |3.70xl0~ 24 N-m| 


The magnetic force on each proton, 

F B =Cjv x B =qn/6sin90° downward and 
perpendicular to the velocity vector, causes 
centripetal acceleration, guiding it into a circular path 
of radius r, with 




and 


_ mv 
r ~ QS 


ANS. FIG. P29.78 


We compute this radius by first finding the proton's speed from 

K = —mv 2 : 

2 


_ f2T _ 1 2(5.00x 10 6 eV)(l.60xl0- 19 J/eV) 
v \~m ^ 1.67xlO" 27 kg 

=3.10 xlO 7 m/s 
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P29.79 


Now, 


mv (l.67xl0“ 27 kg)(3.10xl0 7 m/s) 

r — — — 7- it — T7-r —6.46 m. 

qB (1.60 x 10~ 19 C)(0.050 0 N • s/C • m) 


(a) From ANS. FIG. P29.78 observe that 

1.00 m 1 m 

sm a =-=- 

r 6.46 m 

[a =8.90° | 

(b) The magnitude of the proton momentum stays constant, and its 
final y component is 

-(l.67 x 10~ 27 kg)(3.10xl0 7 m/s)sin8.90° 

=1 -8.00x 10~ 21 kg-m/s I 


A key to solving this problem is that reducing the 
normal force will reduce the friction force: 

F e = BIL or B=^~. 

B IL 

When the wire is just able to move, 

£F y =n +F B cosO-mg =0 
so n = mg-F B cos6 

and f =p(mg-F B cos6) 


(up) 



(dn) 

ANS. FIG. P29.79 


Also, YjF x = FgSin#- f= 0 


so F B sin 0 = f: F s sin0 =p(mg-F B cosd) and F e =-- 

sin0 +/Jcos 6 

We minimize B by minimizing F B : 




cos0- jUsin 6 

7 -X 2 " — 0 => U sin0 =cos 9 

(sin0 +/Jcos0j 


Thus, 0 =tan" 


=tan 1 (5.00) =78.7° for the smallest field, and 


B =^L JHi) ( m / L ) 

IL \ I Jsin0 +)Licos0 


(0.200)(9.80 m/s 2 )" 

0.100 kg/m 

1.50 A 

sin 78.7°+(0.200 )cos 78.7° 



=0.128 T 
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P29.80 


The answers are 

(a) magnitude: |0.128 T| and 

(b) direction: |78.7° below the horizontal! 

(a) The kinetic energy of the proton in joules is 

K =^mv 2 =6.00 MeV =(6.00xlO 6 eV)(l.60xl0- 19 J/eV) 
=9.60 x 10“ 13 J 

From which we find the proton's velocity to be 




f2(9.60xl0“ 13 j) 
1.67 x!0“ 27 kg 


=3.39 xlO 7 


m/s 


We can find the radius of the proton's orbit from 

■- r, ITIV 2 

F B = qvB = — 

mv (1.67 x 10~ 27 kg)(3.39 x 10 7 m/s) 

so R =— = V - 7 -=0.354 m 

qB 1.60xlO- 19 C LOOT 


Then, from the diagram, x =2R sin45.0° =2(0.354 m)sin45.0° = 
| 0.501m | . 



ANS. FIG. P29.80 


(b) From ANS. FIG. P29.80, observe that 6' = | 45.0° 
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lNSWERS to even-numbered problems 


P29.2 

P29.4 

P29.6 

P29.8 

P29.10 


P29.12 

P29.14 


P29.16 

P29.18 

P29.20 


P29.22 

P29.24 

P29.26 


(a) up; (b) out of the page, since the charge is negative; (c) no 
deflection; (d) into the page 

(a) west; (b) zero deflection; (c) up; (d) down 
48.9° or 131° 

13.2 x 1CT 19 N 

(a) 1.44 x 10” 12 N; (b) 8.62 x 10 14 m/s 2 ; (c) A force would be exerted on 
the electron that had the same magnitude as the force on a proton but 
in the opposite direction because of its negative charge; (d) The 
acceleration of the electron would be much greater than that of the 
proton because the mass of the electron is much smaller. 

200 fiC 

(a) 6.84 x 10” 16 m; (b) down; (c) 7.26 mm; (d) east; (e) The beam moves 
on an arc of a circle rather than on a parabola; (f) Its northward 
velocity component stays constant within 0.09%. It is a good 
approximation to think of it as moving on a parabola as it really moves 
on a circle. 


(a) 


2/C 

V -#R’ (b) 


C?B 2 R 2 

IK 


—(r, 2 +r 2 ) 

2m .' 21 


(a) (o.990xlO 6 i +1.00x10 6 j)N; (b) Yes. In the vertical direction, the 

gravitational force on the ball is 0.294 N, five orders of magnitude 
larger than the magnetic force. In the horizontal direction, the change 
in the horizontal component of velocity due to the magnetic force is six 
orders of magnitude smaller than the horizontal velocity component. 

1.79 x 1CT 8 s; (b) 35.1 eV 

4.31 x 10 7 rad/s; (b) 5.17 x 10 7 m/s 


(a) 8.28 cm; (b) 8.23 cm; (c) From r =— 

B 


1 (2m (AV) 


, we see for two 


different masses m A and m B of the same charge q, the ratio of the path 
radii is — = ; (d) The ratio of the path radii is independent of A\/; 

(e) The ratio of the path radii is independent of B. 
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P29.28 


P29.30 


P29.32 

P29.34 

P29.36 

P29.38 

P29.40 


P29.42 

P29.44 


P29.46 

P29.48 


(a) See P29.28 for full explanation; (b) The dashed red line in Figure 
P29.16(a) spirals around many times, with it turns relatively far apart 
on the inside and closer together on the outside. This demonstrates the 
1/r behavior of the rate of change in radius exhibited by the result in 
part (a); (c) 682 m/s; (d) 55.9 jL/m 

(a) Yes. The constituent of the beam is present in all kinds of atoms; 

(b) Yes. Everything in the beam has single charge-to-mass ratio; (c) In a 
charged macroscopic object most of the atoms are uncharged. A 
molecule never has all of its atoms ionized. Any atoms other than 
hydrogen contain neutrons and so has more mass per charge if it is 
ionized than hydrogen does. The greatest charge-to-mass ratio 
Thomson could expect was then for ionized hydrogen, 

1.6 x 10” 19 C/1.67 x 10” 27 kg, smaller than the value e/m he measured, 
1.6 x 10” 19 C/9.11 x 10” 31 kg, by 1 836 times. The particles in his beam 
could not be whole atoms but rather must be much smaller in mass; 

(d) No. The particles move with speed on the order of ten m illi on 
meters per second, so they fall by an immeasurably small amount over 
a distance of less than 1 m. 

(a) 0.118 N; (b) Neither the direction of the magnetic field nor that of 
the current is given. Both must be known in order to determine the 
direction of the magnetic force. 

(a) 4.73 N; (b) 5.46 N; (c) 4.73 N 
See P29.36 for full explanation. 

UldBL 
V 3 m 

The magnetic force and the gravitational force both act on the wire; (b) 
When the magnetic force is upward and balances the downward 
gravitational force, the net force on the wire is zero, and the wire can 
move can move upward at constant velocity; (c) 0.196 T, out of the 
page; (d) If the field exceeds 0.20 T, the upward magnetic force exceeds 
the downward gravitational force, so the wire accelerates upward. 

(a) InriB sin 6; (b) up, away from magnet 

(a) 0; (b) -40.Oi mN; (c) -40.0k mN; (d) (40.0i +40.0k) mN; (e) The 
forces on the four segments must add to zero, so the force on the 
fourth segment must be the negative of the resultant of the forces on 
the other three. 

4.91 x 10" 3 N ■ m 

(a) 5.41 mA • m 2 ; (b) 4.33 mN • m 
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P29.50 

P29.52 


P29.54 

P29.56 

P29.58 


P29.60 

P29.62 

P29.64 

P29.66 

P29.68 

P29.70 


P29.72 


(a) 6.40 x KT 4 N • m; (b) 0.241 W; (c) 2.56 x 1(T 3 J; (d) 0.154 W 

(a) +X direction; (b) torque is in the -Z direction; (c) -X direction; 

(d) torque is in the +Z direction; (e) No; (f) Both the forces and the 
torques are equal in magnitude and opposite in direction, so they sum 
to zero and cannot affect the motion of the loop; (g) in the yz plane at 
130° counterclockwise from the +y axis; (h) the +X direction; (i) zero; (j) 
counterclockwise; (k) 0.135 A • m 2 ; (1) 130°; (m) 0.155 N • m 

(a) 37.7 mT; (b) 4.29 x 10 25 m' 3 
2.75 Mrad/s 

(a) The electric current experiences a magnetic force; (b) JLB; (c) Charge 
moves within the fluid inside the length L, but charge does not 
accumulate: the fluid is not charged after it leaves the pump; (d) It is 
not current-carrying; (e) It is not magnetized. 

(a-d) See P29.60 for full explanation. 

(a) 12.5 km; (b) It will not arrive at the center but will perform a 
hairpin turn and go back parallel to its original direction. 

(a) B x could have any value, B y = 0, B z = - —; (b) -/■ j; (c) 4/5 j 


AW 

Id 

(a) B ~ 10 _1 T; (b) r ~ KT 1 N • m; (c) / ~ 1 A = 10° A; (d) A ~ 1CT 3 m 2 ; 

(e) N ~ 10 3 

The particle will not exit the field at the top but rather will complete a 
semicircle in the magnetic field region and will exit at the bottom, 
traveling in the opposite direction with the same speed. 

(a) 1.33 m/s; (b) Positive ions carried by the blood flow experience an 
upward force resulting in the upper wall of the blood vessel at 
electrode A becoming positively charged and the lower wall of the 
blood vessel at electrode B becoming negatively charged; (b) No. 
Negative ions moving in the direction of V would be deflected toward 
point B, giving A a higher potential than B. Positive ions moving in the 
direction of v would be deflected toward A , again giving A a higher 
potential than B. Therefore, the sign of the potential difference does not 
depend on whether the ions in the blood are positively or negatively 
charged. 
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P29.74 (a) See P29.74(a) for full explanation; (b) The statement is true only for 

small angular displacements for which sin 6 ~ 6; (c) See P29.74(c) for 
full explanation; (d) The equilibrium orientation of the needle shows 
the direction of the field. In a stronger field, the frequency is higher. 
The frequency is easy to measure precisely over a wide range of 
values; (e) 2.04 mT 

P29.76 ^Y~tan6 

P29.78 (a) a =8.90°; (b) -8.00 x 10“ 21 kg • m/s 

P29.80 (a) 0.501 m; (b) 45.0° 
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OQ30.5 

OQ30.6 

*OQ30.7 

OQ30.8 

OQ30.9 


Answer (a) and (c). The magnetic field due to the current in the 
vertical wire is directed into the page on the right side of the wire 
and out of the page on the left side. The field due to the current in the 
horizontal wire is out of the page above this wire and into the page 
below the wire. Thus, the two contributions to the total magnetic 
field have the same directions at points B (both out of the page) and 
D (both contributions into the page), while the two contributions 
have opposite directions at points A and C. The magnitude of the 
total magnetic field will be greatest at points B and D where the two 
contributions are in the same direction, and smallest at points A and 
C where the two contributions are in opposite directions and tend to 
cancel. 

(i) Answer (b). Magnetic field lines lie in horizontal planes and go 
around the wire clockwise as seen from above. East of the wire the 
field points horizontally south. 

(ii) Answer (b). The direction of the magnetic field at a given point is 
determined by the direction of the conventional current that creates 
it. 

(i) Answer (d). (ii) Answer (c). Current on each side of the frame 
produces magnetic field lines that wrap around the tubes. The field 
lines pass into the plane enclosed by the frame (away from you) and 
then return to pass back through the plane outside the frame (toward 
you). 

Answer (a). According to the right-hand rule, the magnetic field at 
point P due to the current in the wire is directed out of the page, and 
the magnitude of this field is given by Equation 30.14: B =1^1 /2nr. 

Answers (c) and (d). Any point in region I is closer to the upper wire, 
which carries the larger current. At all points in this region, the 
outward directed field due the upper wire will have a greater 
magnitude than will the inward directed field due to the lower wire. 
Thus, the resultant field in region I will be nonzero and out of the 
page, meaning that choice (d) is a true statement and choice (a) is 
false. In region II, the field due to each wire is directed into the page, 
so their magnitudes add and the resultant field cannot be zero at any 
point in this region. This means that choice (b) is false. In region III, 
the field due to the upper wire is directed into the page while that 
due to the lower wire is out of the page. Since points in this region 
are closer to the wire carrying the smaller current, there are points in 
this region where the magnitudes of the oppositely directed fields 
due to the two wires will have equal magnitudes, canceling each 
other and producing a zero resultant field. Thus, choice (c) is true 
and choice (e) is false. 
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OQ30.10 


OQ30.11 

OQ30.12 

OQ30.13 


OQ30.14 


OQ30.15 


Answer (b). Wires carrying currents in opposite directions repel. In 
regions II and III, the field due to the upper wire is directed into the 
page. The lower wire, with its current to the left, experiences a 
downward force in the field of the upper wire. 

Answers (b) and (c). In each case, electric charge is moving. 

Answer (a). The adjacent wires carry currents in the same direction. 

Answer (c). Conceptually, for there to be magnetic flux through a 
coil, magnetic field lines must pass through the area enclosed by the 
coil. The magnetic field lines do not pass through the areas of the 
coils in the xy and xz planes, but they do through the area of the coil 
in the yz plane. Mathematically, the magnetic flux is <J>e = BA cos 6, 
where $ is the angle between the normal to the area enclosed by the 
coil and the magnetic field. The flux is maximum when the field is 
perpendicular to the area of the coil. The flux is zero when there is no 
component of magnetic field perpendicular to the loop—that is, 
when the plane of the loop contains the x axis. 

The ranking ise>c>b>a>d. Express the fields in units of 
(ampere/cm): 

(a) for a long, straight wire, 

M ,// 2 xr =/4,[3/2tt(2)] =p {) [0.75/zr](ampere/cm) 

(b) for a circular coil, 

Np 0 l/2r =Mj[(10)(0.3)/2(2)] =p 0 [0.75] (ampere/cm) 


(c) for a solenoid, 

N/Jgl/£ =)U 0 [(l 000)(0.3)/200]=jU 0 [l.5] (ampere/cm) 
which is also 

(4^xl0 -7 T-m/A)[l.5 A/(0.01 m)] =0.19xlO' 3 T =0.19 mT 


(d) The field is zero at the center of a current-carrying wire. 

(e) 1 mT is larger than 0.19 mT, so it is largest of all. 

The ranking is C > A > B. The magnetic field inside a solenoid, 

(N\ 

carrying current /, with N turns and length L, is B — ppi =p 0 1 — I/. 


Thus, B. 


JJoM 


-AW .1 

2L. 2 


B a , and B c 


LJ2 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 



358 Sources of the Magnetic Field 


ANSWERS TO CONCEPTUAL QUESTIONS 


CQ30.1 No. The magnetic field created by a single current loop resembles 
that of a bar magnet - strongest inside the loop, and decreasing in 
strength as you move away from the loop. Neither is the field 
uniform in direction - the magnetic field lines loop through the loop. 

CQ30.2 Yes. Either pole of the magnet creates a field that turns the atoms of 
the domains inside the iron to align their magnetic moments with the 
external field. Then the nonuniform field exerts a net force on each 
domain toward the direction in which the field is getting stronger. 

A magnet on a refrigerator door goes through the same steps to exert 
a strong normal force on the door. Then the magnet is supported by a 
frictional force. 

CQ30.3 The Biot-Savart law considers the contribution of each element of 
current in a conductor to determine the magnetic field, while for 
Ampere's law, one need only know the current passing through a 
given surface. Given situations of high degrees of symmetry. 
Ampere's law is more convenient to use, even though both laws are 
equally valid in all situations. 

CQ30.4 Apply Ampere's law to the circular path 

labeled 1 in the picture. Because the current 
has a cylindrical symmetry about its central 
axis, the line integral reduces to the 
magnitude of the magnetic field times the 
circumference of the path, but this is equal to 
zero because there is no current inside this 
path; therefore, the magnetic field inside the 
tube must be zero. On the other hand, the ANS - FIG - C Q 30 - 4 

current through path 2 is the current carried 
by the conductor; then the line integral is not equal to zero, so the 
magnetic field outside the tube is nonzero. 

CQ30.5 Magnetic field lines come out of north magnetic poles. The Earth's 
north magnetic pole is off the coast of Antarctica, near the south 
geographic pole. Straight up. 

CQ30.6 Ampere's law is valid for all closed paths surrounding a conductor, 
but not always convenient. There are many paths along which the 
integral is cumbersome to calculate, although not impossible. 
Consider a circular path around but not coaxial with a long, straight 
current-carrying wire. Ampere's law is useful in calculating B if the 
current in a conductor has sufficient symmetry that the line integral 
can be reduced to the magnitude of B times an integral. 
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CQ30.7 

CQ30.8 

CQ30.9 

CQ30.10 


CQ30.11 


CQ30.12 


Magnetic domain alignment within the magnet creates an external 
magnetic field, which in turn induces domain alignment within the 
first piece of iron, creating another external magnetic field. The field 
of the first piece of iron in turn can align domains in another iron 
sample. A nonuniform magnetic field exerts a net force of attraction 
on the magnetic dipoles of the domains aligned with the field. 

The shock misaligns the domains. Heating will also decrease 
magnetism (see Curie Temperature). 

Zero in each case. The fields have no component perpendicular to 
the area. 

(a) The third magnet from the top repels the second one with a 
force equal to the weight of the top two. The yellow magnet 
repels the blue one with a force equal to the weight of the blue 
one. 

(b) The rods (or a pencil) prevent motion to the side and prevents 
the magnets from rotating under their mutual torques. Its 
constraint changes unstable equilibrium into stable. 

(c) Most likely, the disks are magnetized perpendicular to their flat 
faces, making one face a north pole and the other a south pole. 
One disk has its north pole on the top side and the adjacent 
magnets have their north poles on their bottom sides. 

(d) If the blue magnet were inverted, it and the yellow one would 
stick firmly together. The pair would still produce an external 
field and would float together above the red magnets. 

In the figure, the magnetic field created by 
wire 1 at the position of wire 2 is into the 
paper. Hence, the magnetic force on wire 2 is 
in direction (current down) x (field into the 
paper) = (force to the right), away from wire 
1. Now wire 2 creates a magnetic field into 
the page at the location of wire 1, so wire 1 
feels force (current up) x (field into the 
paper) = (force to the left), away from wire 2. 

(a) The field can be uniform in magnitude. 

Gauss's law for magnetism implies that magnetic field lines never 
start or stop. If the field is uniform in direction, the lines are parallel 
and their density stays constant along any one bundle of lines. 
Therefore, the magnitude of the field has the same value at all points 
along a line in the direction of the field, (b) The magnitude of the 
field could vary over a plane perpendicular to the lines, or it could be 
constant throughout the volume. 


h 


h 


_B, 


ANS. FIG. CQ30.11 
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SOLUTIONS TO END-OF-CHAPTER PROBLEMS 


Section 30.1 The Biot-Savart Law 


_ N^IR 2 


(a) Each coil separately produces field given by B = ^2 — 2 ^ a 

the point halfway between them. Together they produce field 

2 B = NfJ ° IR l /2 =4.50 x 10~ 5 T 

(R 2 +x 2 f 2 

_50(47T x 10~ 7 T-m/A)/(0.012 m) 2 
[(0.012 m) 2 +(0.011 m) 2 ] 3/2 
9.05 x 10~ 9 T m 3 /A. 


. 4.50 x 10“ 5 T A r———, 

2,10x10-3 T 

(b) AV =IR =(0.0215 A)(210 Q) = | 4.51 V | 

(c) P =(A V)l =(4.51 V)(0.0215 A)=| 96.7 mW 

Imagine grasping the conductor with the right hand so the fingers curl 
around the conductor in the direction of the magnetic field. The thumb 
then points along the conductor in the direction of the current. The 
results are 

(a) [toward the left) (b) [out of the page| (c) [lower left to upper right| 
The magnetic field is given by 


Ijj _(4^xl0“ 7 T-m/A)(2.00 A) 


= 1.60 xl0~ 6 T 


Model the tornado as a long, straight, vertical conductor and imagine 
grasping it with the right hand so the fingers point northward on the 
western side of the tornado (that is, at the observatory's location). The 
thumb is directed downward, meaning that the conventional current is 
downward. The magnitude of the current is found from B —/dj /Inr a as 

2nrB 27 t( 9 . 00 x 10 3 m)(l.50xl0~ 8 t) 

/ = znr F = — \ - - L =675 A 

ju n 4^x10 T-m/A 


Thus, the current is 675 A, downward . 
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P30.5 (a) Use Equation 30.4 for the field produced by each side of the 

square. 

B=-^-[sm0 1 -sind 2 ) 

4 na 

t 

where Q =45.0°, G ? =-45.0°, and a=- 

12 2 



ANS. FIG. P30.5 

Each side produces a field into the page. The four sides altogether 
produce 

B t = 46 — 4^-(sin0 1 -sin0 2 ) 

center 4 na K 1 2> 

= -^[sin45.0°-sin(-45.0°)] 

_2^ 0 /r 2 1 _ 2y/2p 0 l 
n£ LV2j n£ 

g _2V2(4^xlO- 7 T m/A)(l0.0 A) 

n (0.400 m) 

=2j2 x 10” 5 T = | 28.3 jJT into the page | 

(b) For a single circular turn with M = 2nR, 

B =M . T m/AfrO-O A) 

26 U 4(0.400 m) 

= | 24.7 jL/T into the page | 

P30.6 Treat the magnetic field as that produced in the center of a ring of 
radius R carrying current /: from Equation 30.8, the field is 6 =^j-. 

The current due to the electron is 

I _ A q_ e _ qj 

~ 2jtR/v~27tR 
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P30.7 


P30.8 


P30.9 


so the magnetic field is 


B = AV _M) f _&_) = Ml Q/ 
2K 2/R L2tt/R J 4 jtR 2 


i 


4 k x 10~ 7 T m/A^(l-60xlQ- 19 c)(2.19x!0 6 m/s) 


(5.29 x lO’ 1 


=| 12.5 T | 


We can think of the total magnetic field as the superposition of the 

field due to the long straight wire, having magnitude — and 

2k R 

directed into the page, and the field due to the circular loop, having 
magnitude and directed into the page. The resultant magnetic 
field is: 


.00 A) 


B = r 1 + iw=r 1 + i]( toxir7 , Tm/A ) (l -' 

i, 7t) 2R { k) 2(0.150 m) 

=5.52 xKT 6 = |5.52 jl/T into the page] 

We can think of the total magnetic field as the superposition of the 

UI 

field due to the long straight wire (having magnitude ^ ^ and 
directed into the page) and the field due to the circular loop (having 
magnitude and directed into the page). The resultant magnetic 
field is: 


5 =^1 +—(directed into the page) 


Wire 1 creates at the origin magnetic field: 

B, =^~ right hand rule =-^1 =^Ll) 

2nr * 2nd \ 2 k a 

(a) If the total field at the origin is ] j =i^l j +B 2 then the second 
2 na 2na 

wire must create field according to B ? j = ^°/ 2 

6 2 na 1 2n (2a) 


Then 1 2 = \2I 1 out of the paper . 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 













Chapter 30 363 


(b) The other possibility is B , +B 2 


_2/VW_j) = iVi j + g Then, 
In a ' J/ 2?ra J 2 


= f ^H) = 2^2dj ^ and ' 2 = l 6/ i ^lo the paper] . 

P30.10 The vertical section of wire constitutes one half of an infinitely long, 
straight wire at distance X from P, so it creates a field equal to 



Hold your right hand with extended thumb in the direction of the 
current; the field is away from you, into the paper. 

For each bit of the horizontal section of wire ds is to the left and r is 
to the right, so ds x r = 0. The horizontal current produces zero field at 
P. Thus, 


B = 


Mi/ 

into the paper 
An x F F 


P30.ll Every element of current creates magnetic field in the same direction, 
into the page, at the center of the arc. The upper straight portion 
creates one-half of the field that an infinitely long straight wire would 
create. The curved portion creates one-quarter of the field that a 
circular loop produces at its center. The lower straight segment also 

creates field . 

2 2nr 


The total field is 


B=i«i 


+UV. 


liV 

22n r 


into the page 


/V | 

2 r 1 

:h) 

into the plane of the paper 

^ 0.284 15m,/ 

j into the page 


P30.12 


Along the axis of a circular loop of radius R , 


Mq/R 

(x 2 +R 2 
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where 


0 1 2 3 4 5 

x/R 

ANS. FIG. P30.12 


x/R 

fi/Bo 

0.00 

1.00 

1.00 

0.354 

2.00 

0.089 4 

3.00 

0.031 6 

4.00 

0.014 3 

5.00 

0.007 54 



P30.13 


We use the Biot-Savart law. For bits of wire along the straight-line 
sections, d s is at 0° or 180° to r, so ds x r = 0. Thus, only the curved 
section of wire contributes to B at P. Hence, ds is tangent to the arc and 
r is radially inward; so dsx r =| cfe|lsin90°® =| ds\®. All points along 
the curve are the same distance r = 0.600 m from the field point, so 


e=J|dB|=J 


H, < l tgx? l _M> j 

4:71 r 2 4 k r 2 


l\ds\=^s 

4 nr 


where S is the arc length of the curved wire. 


s=rd={ 0.600 m) (30.0°) 



=0.314 m 
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Then, 

B =(10- 7 T m/A) * 3 '°° A ^ 2 (0.314 m) 

' '(0.600 m) 2 

B = | 262 nT into the page | 

P<]30.0° 

ANS. FIG. P30.13 

P30.14 (a) Above the pair of wires, the field out of the page of the 50.0-A 

current will be stronger than the |-kj field of the 30.0-A current, 

so they cannot add to zero. Between the wires, both produce 
fields into the page. They can only add to zero below the wires, at 
coordinate y = - | y |. Here the total field is 

i= 2n? 5T 



0 =— 
In 


50.0 A 


, 30.0 A / 


+0.280 m)' 1 

50.0|y| =30.0(|y| +0.280 m) 
50.0 (-y) =30.0 (0.280 m -y) 
-20.0y =30.0 (0.280 m) 

I y =-0.420 m I 


©* 

ANS. FIG. P30.14 

(b) At y = 0.100 m the total field is 


B r-K> +UL 

Inr W 2®r 


c€5 : 
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P30.15 


4^x10 7 T-m/A ] 


2n 


50.0 A / - \ | 30.0 A / -1 
(0.280-0.100) m' ' 0.100 m' 1 


=1.16 xlCT 4 T -k 


The force on the particle is 
F =C/vx B 

=(-2x 10 -6 c)(l50 x 10 6 m/s)(i) 

xfl.LSxlCT 4 N -s/C-m)(-k) 

= 3.47 xlCT 2 N(-j) 

(c) We require F e =3.47 x 1CT 2 n(+]) =qE =(-2 x 1CT 6 c)e. 


so E = | -1.73xlO 4 j N/C . 

Label the wires 1,2, and 3 as shown in 
ANS. FIG. P30.15(a) and let the magnetic 
field created by the currents in these 
wires be B,, B 2 , andB 3 , respectively. 

(a) At point A: 

S, =B 2 = . 

2n(asf2) 





\ i / 

7 ® 2 

ANS. FIG. P30.15(a) 


and 


e a 


_ Fj 

2n[3a)' 


The directions of these fields are 
shown in ANS. FIG. P30.15(b). 
Observe that the horizontal 
components of B , and B 2 cancel 
while their vertical components 
both add onto B 3 . Therefore, the 
net field at point A is: 


B a =B 2 cos 45.0° +B 2 cos 45.0° +S 3 


_ M,/ 

2na 




2 1 

-~i= cos 45.0° H— 
y/2 3 



ANS. FIG. P30.15(b) 
B, | B, 



ANS. FIG. P30.15(c) 
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P30.16 


4^x10 T-m/A 2.00 A f 2 

B a ml - , -- L\ -^= cos45° +— 

2^(1.00x10 m) LV2 3 

B a = | 53.3 jL/T toward the bottom of the page~| 
(b) At point B: B , and B 2 cancel, leaving 

e =e 3 = -; 

2n(2a) 

(4nxlQ- 7 T m/A)(2.00 A) 


e R 


2^(2)(l.00xl0“ 2 m) 


=| 20.0 jJT toward the bottom of the page | 


(c) At point C: B 1 =B 2 = 


M l 


r and 6, =-^!~ with the directions 


"2^/2) 3 2na 

shown in ANS. FIG. P30.15(c). Again, the horizontal components 
of B , and B 2 cancel. The vertical components both oppose B 3 
giving 


M,' 


°c — 7 — 

2n[asf2j 

(a) ANS. FIG. P30.16 shows the various vectors. 


_A_ =Ajl cos45 . 0 --i] =Tol 
2nd 2nalyl2 J 1 — 1 



(b) The upward lightning current creates field lines in 
counterclockwise horizontal circles. 
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P30.17 


B =-^L [righthand rule] 
2 nr 


(4TrxlCr 7 T-m/A)(20.0xl0 3 a) 


north 


2tt( 50.0 m) 

= 8.00 x 10“ 5 T north 
The force on the electron is 
F =Cjvx B 

=(-1.6xl0~ 19 C)(300 m/s west) x (8.00xlO" 5 T north) 
=-(3.84xl0" 21 N down) = |3.84xl0~ 21 Nup| 

(c) From Equation 29.3, 

r = (9- llxl 0- 31 k g ) (300 m/ s ) 

qB (l.60xl0 9 C) (8.00 xl0~ 5 T) - 

(d) I This distance is negligible compared to 50 m, so the electron does! 


[move in a uniform field. | 


(e) Use Equation 29.4, o)=qB/m r which is equal to 2 nN /At, where N 
is the number of revolutions: 

N _qBAt _(l.60xl0" 19 c)(8.00xl0~ 5 TjteO.OxlO- 6 s) 

~2nm 2 k (9.11 xlO' 31 kg) 

= [T34 revolutions | 

Apply the Equation 30.4, B = ^ (sin 0, - sin 0 2 ), to each of the wires. 
47TU 


- and sin 0 2 


For the horizontal wire ( H ), sm6 1 —- 


yltf +c f - M +c i 

because 6 1 measures to the wire's end point on the -x-axis and d 2 
measures to the wire's end point on the +X-axis. For the left vertical 

wire (VL) and the right vertical wire (VR), sin d 1 ^ 


d+E? 

1 because both angles measure to the wire's end points on the +y-axis. 



ANS. FIG. P30.17 
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Take out of the page as the positive direction, and into the page as the 
negative direction. The field at the origin is 


Bo =| e ^|-| e H| -+\B vr \ 



P30.18 


The field is negative: magnetic field at the origin is 


/V < 

Inar 


into the page. 


(a) We use Equation 30.4 in the chapter text 
for the field created by a straight wire of 
limited length. The sines of the angles 
appearing in that equation are equal to 
the cosines of the complementary angles 
shown in our diagram. For the distance a 
from the wire to the field point we have 

tan 30° , a = 0.288 7L. One wire 

L/2 

contributes to the field at P 



ANS. FIG. P30.18(a) 


B (cos - cos 0 2 ) =—— ^- (cos 30°-cos 150°) 

47ra V 4^(0.288 7L )' ’ 

_ M,/ (1.732) ^1.50/Jp/ 

4^(0.288 7L) kL 
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Each side contributes the same amount of field in the same 
direction, which is perpendicularly into the paper in the picture. 

So the total field is 3 


f 1.50 m,/ _ 

4.50 )U 0 / 

l «*■ J 

nL 


(b) As we showed in part (a), one whole side of the triangle creates 
ju / (1.732) 

field at the center —--. Now one-half of one nearby side of 

4 na 

the triangle will be half as far away from point P b and have a 
geometrically similar situation. Then it creates at P b field 


/V (1.732) _2/y (1732) 
4n(a/2) 4 na 


The two half-sides shown crosshatched in the picture create at P b 
field 

2H,/(1.732) 1 W (1.732) = 6fJj 
4tt a J 4tt(0.288 7L) kL 

The rest of the triangle will contribute somewhat more field in the 
same direction, so we already have a proof that the field at Pb is 
stronger 



P30.19 Assume that the wire on the right is wire 1 and that on the left is wire 
2. Also, choose the positive direction for the magnetic field to be out of 
the page and negative into the page. 

(a) At the point half way between the two wires. 



(4;rxl0~ 7 T-m/A) 
2?r (5.00 x 10“ 2 m) 


(10.0 A) =-4.00 xl0“ 5 


T 


or B net = | 40.0 jJT into the page | 
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(b) At point P v 

e =4B _ e = wJ +/i _ /il 

2kY r x rj 

B _ 4tt x IQ' 7 T • m/A T 5.00 A 5.00 A 1 
net 2k L 0.100 m 0.200 mj 

= [5.00 jt/T out of page] 

(c) At point P 2 , 

e =_e +e =MlLZi-|A1 

2^L r x r 2 \ 

B _ 4^xlQ- 7 T-m/A f 5.00 A + 5.00 A 1 
net 2k L 0.300 m 0.200 mJ 

= [L67 jJT out of page | 

P30.20 Call the wire carrying a current of 3.00 A wire 1 and the other wire 2. 
Also, choose the line running from wire 1 to wire 2 as the positive X 
direction. 


A b i 

h h 

ANS. FIG. P30.20(a) 


(a) At the point midway between the wires, the field due to each 
wire is parallel to the y-axis and the net field is 

6 net =-% - B 2y =M, [I i-l 2 )/2 nr 

Thus, 

(4^xl0“ 7 T-m/A) 


e n „, 


2tt( 0.100 m) 


-(3.00 A-5.00 A) =-4.00 x!0~ 6 T 


or B net = |4.00 jJT toward the bottom of the page] 

(b) Refer to ANS. FIG. P30.20(b). At point P, r x =(0.200 m)V2 and 6, 
is directed at 6 X = +135°. The magnitude of B i is 

s _<V, T m/A)(3.00 A) ^ 

1 2 Kr x 2tt( 0.200V2 mj 
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ANS. FIG. P30.20(b) 


The contribution from wire 2 is in the -X direction and has 
magnitude 


S 2 


1 ^ 1 2 _(4^xl0 -7 T m/A)(5.00 A) 
2nr 2 ~ 2?r (0.200 m) 


iy = 1.50 flT 

ANS. FIG. P30.20(c) 

Therefore, the components of the net field at point P are: 
B x =6, cos 135° +B 2 cos 180° 



=(2.12 jL/T)cos 135° +(5.00 jL/T) cos 180° =-6.50 /JT 

and 


B y =fi 1 sinl35°+e 2 sinl80°=(2.12 jdT)sinl35°+0 =+1.50 fJT 
Therefore, 

fi net =^6 7 +6; =6.67 juT 


at 


0 = tan 1 



f 6.50 ^T 

1^1.50 fiT 



in ANS. FIG. P30.20(c), which is 77.0° + 90.0° = 167.0° from the 
positive X axis. Therefore, 

Bnet =|6.67 jJT at 167.0° from the positive X axis]. 
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Section 30.2 The Magnetic Force Between 
Two Parallel Conductors 

P30.21 Let both wires carry current in the X direction, the first at y = 0 and the 
second at y = 10.0 cm. 

(a) _ m fc ~ t wAjtsfloi) . 

K 2 nr 2n{0<%m'tn) 


B = | 1.00x10 5 T out of the page | 

I 2 = 8.00 A 


■y= 10.0 cm 
/, = 5.00 A '£pU 


ANS. FIG. P30.21(a) 

(b) F b =I 2 1 x B =(8.00 A)[(1.00 m)i x (l.OO x 10' 5 l)k] 


=(8.00xlO- 5 N)(-j) 


ANS. FIG. P30.21(b) 


F B = | 8.00 x 10 5 N toward the first wire | 

(0 B -BLU) J 4 ** 10 " , Tro/A)( . 800 A > U) 

2 nr K 1 2^(0.100 m) ' 1 

=(l.60xl0 -5 T)(-k) 

ANS. FIG. P30.21(c) 


B = |l.60xl0 5 T into the page] 


(d) F b =/ 1 fxB=(5.00 A)[(l.00m)ix(l.60xl0- 5 T)(-k)] 

=(8.00 x 10~ 5 n)(-h) 

, ? l gx 

l J 

ANS. FIG. P30.21(d) 
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F b = 18.00x 10 5 N towards the second wire] 

P30.22 (a) The force per unit length that parallel conductors exert on each 

other is, from Equation 30.12, F/l =/J 0 l 1 l 2 /2nd. Thus, if 
F/i = 2.00 x 10 -4 N/m, /i = 5.00 A, and d = 4.00 cm, the current in 
the second wire must be 


P30.23 


u 


2nd(F\ 

'maUJ 


2tt(4.00x 10- 2 m) 
x 1CT 7 T-m/A)(5.00 A) 


(zOOxHT 4 N/ m) 


18.00 A | 


(b) Since parallel conductors carrying currents in the same direction 
attract each other (see Section 30.2 in the textbook), the currents in 
these conductors which repel each other must be in 
[opposite directions. | 


(c) From Equation 30.12, the force is directly proportional to the 
product of the currents. The result of reversing the direction of 
either of the currents and doubling the magnitude would be that 
the [force of interaction would be attractive and the magnitude | 
[ofthe force would double | . 


(a) 


From Equation 30.12, the force per unit length that one wire 
exerts on the other is F/i =fJ 0 l J 2 /2nd, where d is the distance 
separating the two wires. In this case, the value of this force is 


F 

i 


[AicxIQT 7 T-m/A)(3.00 A) 2 
2tt(6.00x 10- 2 m) 


=| 3.00 x IQ- 5 N/m] 


(b) We can answer this question by consulting Section 30.2 in the 
textbook, or we can reason it out. Imagine these two wires lying 
side by side on a table with the two currents flowing toward you, 
wire 1 on the left and wire 2 on the right. The right-hand rule that 
relates current to field direction shows the magnetic field due to 
wire 1 at the location of wire 2 is directed vertically upward. 
Then, the right-hand rule that relates current and field to force 
gives the direction of the force experienced by wire 2, with its 
current flowing through this field, as being to the left, back 
toward wire 1. Thus, the force one wire exerts on the other is an 
| attractive] force. 
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P30.24 


P30.25 


Carrying oppositely directed currents, wires 1 and 2 repel each other. 

If wire 3 were between them, it would have to repel either 1 or 2, so the 
force on that wire could not be zero. If wire 3 were to the right of wire 
2, it would feel a larger force exerted by 2 than that exerted by 1, so the 
total force on 3 could not be zero. Therefore wire 3 must be to the left 
of both other wires as shown. It must carry downward current so that 
it can attract wire 2. We answer part (b) first. 


Wire 3 Wire 1 


1.50 A 
20 cm 


ANS. FIG. P30.24 


(b) For the equilibrium of wire 3 we have 

F =F . K.(1-50 A)/ 3 _ M,(4.00A)/ 3 
lon3 2on3 ' 2nd 2tt( 20.0 cm +d) 

1.50(20.0 cm + d) = 4.00 d 

d_ 30.0 cm = | 12 o cm to the left of wire 1 1 
2.50 1 - 1 

(a) Thus the situation is possible in just lone way»j 

(c) For the equilibrium of wire 1, 

jU 0 / 3 (l.50 A) _^(4.00 A)(l.50 A) 

2zr (12.0 cm) 2 tt( 20.0 cm) 

/ =—(4.00 A) =1 2.40 A down I 
3 20 ' 1 - 1 

We know that wire 2 must be in equilibrium because the forces on 
it are equal in magnitude to the forces that it exerts on wires 1 and 
3, which are equal because they both balance the equal- 
magnitude forces that 1 exerts on 3 and that 3 exerts on 1. 

To the right of the long, straight wire, current /1 creates a magnetic 
field into the page. By symmetry, we note that the magnetic forces on 
the top and bottom segments of the rectangle cancel. The net force on 
the vertical segments of the rectangle is (from Equation 30.12): 



rj__n 

i- 

r l 

In 1 

l c+a cj 

1 2n 

[c(c+a)J 
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P30.26 


P30.27 


- _(4?r xlO” 7 N/A 2 )(5.00 A)(l0.0 A)(0.450 m) 

2k 

( -0.150 m y 

X [(0.100m)(0.250m)J 1 

F =(-2.70x 1(T 5 i) N =(-27.0x 10~ 6 i) N = |-27.0i /jn\ 



ANS. FIG. P30.25 


See ANS. FIG. P30.25. By symmetry, we note that the magnetic forces 
on the top and bottom segments of the rectangle cancel. The net force 
on the vertical segments of the rectangle is (from Equation 30.12) 


F =F 1 +F 2 


2k ^c+a cj 


2k [c(c+a)J 


mam 

a 

2k 

c(c+a) 


to the left 


To attract, both currents (/, = 20.0 A, and / 2 ) must be to the right. The 
attraction is described by (from Equation 30.12) 

F _M A ' 2 

t 2 Ka 


i —F 2k a 

2 "77v7 


=(320 xl0~ 6 N/m)j 


2^(0.500 m) 

(4kx10- 7 T m/A)(20.0 A) 


-V 

ANS. FIG. P30.27 
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The zero-field point must lie between the two wires: this point cannot 
be above the upper wire or below the lower wire because the fields in 
these regions have the same direction, out of the page above the upper 
wire, and into the page below the lower wire. Let y represent the 
coordinate of the zero-field point above the lower wire; then, 
r 1 = (0.500 m) - y and r 2 = y represent the respective distances of 
currents 1 1 and 1 2 to the zero-field point. Taking the positive direction 
to be out of the page, at the zero-field point, 

B = —B 1 +B 2 

0 =- ^ 1 - |- jV 2 

2nr x lnr 2 


Eliminating and solving for r v 


L=k 

r, r 2 



(0.500 m )-y=y!± 


Then, 


(0.500 m) = y\j~ +lj 
_(0.500m)_ (0.500 m) 


(1 \ 

( 20.0 A A 

b +i ) 

——— +1 

UO.OA ) 


= | 0.333 m| 


P30.28 From Equation 30.12, we find the separation distance between the 
wires as 


Fb_ = mMl ^ j. /ViM 
l 2na 2 nF B 

Substituting numerical values, 

^ _ (4tt x 10“ 7 T • m/A)(lO.O A)(l0.0 A)(0.500 m) 
3 2zr(l.OO N) 

= 1.00 x 10 -5 m= 10.0 pm 


This is the required center-to-center separation distance of the wires, 
but the wires cannot be this close together. Their minimum possible 
center-to-center separation distance occurs if the wires are touching, 
but this value is 2r = 2(250 pm) = 500 pm, which is much larger than 
the required value above. We could try to obtain this force between 
wires of smaller diameter, but these wires would have higher 
resistance and less surface area for radiating energy. It is likely that the 
wires would melt very shortly after the current begins. 
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P30.29 This is almost a standard equilibrium 

problem involving tension, weight, and a 
horizontal repulsive force; however, here 
we must consider the magnetic force per 
unit length and the weight per unit 
length. The tension makes an angle 6/2 = 

8.00° with the vertical. The mass per unit 
length is X = mg/L . The separation 
between the wires is a=2/ sin 6/2. 

(a) Because the wires repel, the currents are in | opposite directions | . 

(b) For balance, the ratio of the horizontal tension component 

T sin 6/2 to the vertical tension component T cos 6/2 is equal to 
the ratio of the horizontal magnetic force per unit length F B /L to 
the vertical weight per unit length F g /L : 

T sin 0/2 _ F b /L 
T cos 0/2 “ F g /L 

But, 

FJL =/6 sin 90.0° =IB =1 =^~ 

B 2nd 2nd 

F g /L =Xg 



Rearranging and substituting gives 


tan 6/2 


jAgi z /2na _ M,/ 2 

Xg 2n(2£sm6/2)lg 


Solving, 


I 2 


4^^ (tanfl/2)(sinfl/2) 


l 2 = 


47r(0.060 0 m)(40.0x!0“ 3 kg)(9.80 m/s 2 


(47TX10 7 T-m/A) 

x(tan8.00°)(sin8.00°) 


/ = | 67.8 A | 


(c) 


Smaller. A smaller gravitational force would be pulling down on 
the wires, requiring less magnetic force to raise the wires to the 
same angle and therefore less current. 
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Section 30.3 Ampere's Law 
P30.30 From j>B-d£ =PqI, / _ 27rr ^ 


27r(l.00 x lO -3 m )(0.100T) 
4 k x lO -7 T • m/A 


= | 500 A 


P30.31 (a) From Ampere's law, the magnetic field at point a is given by 

e where / , is the net current through the area of the 

a 2k r a 3 6 

circle of radius r a . In this case, I g = 1.00 A out of the page (the 
current in the inner conductor), so 

d _(4tt x 10~ 7 T-m/A)(l.00 A) 

a 27T(l.OO x 10~ 3 m) 

= |~200 pi toward top of page | 


P30.32 


(b) 


Similarly at point b: B b =-^_, 
2k r h 


where / b is the net current through 


the area of the circle having radius rt,. Taking out of the page as 
positive, l b = 1.00 A - 3.00 A = -2.00 A, or l b = 2.00 A into the page. 
Therefore, 


r> _(4 ttx10- 7 T-m/A)(2.00 A) 
b 27T (3.00 x 10“ 3 m) 

=| 133 jt/T toward bottom of page 


(a) 

(b) 


B = PJW _ (4^xl0- 7 T-m/A)(900)(l4.0xl0 3 a) 
mner 2 Kr 2^(0.700 m) I—-1 

s = /VW _(4*x 10- 7 T.m/A)(900)(l4.0xl0 3 A) = rj^y ] 
outer 2 Kr 2 k (1.30 m) ^- 1 


P30.33 


Let the current / be to the right, in the positive X direction. The proton 
travels to the left, and is a distance d above the wire. Take up as the 
positive y direction. At the proton's location, the current creates a field 

B = ~~j i n the positive Z direction. The weight of the proton and the 

magnetic force are in balance: 
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P30.34 


P30.35 


_ TO)/ 

2nmg 

_(l.60xl0“ 19 C)(2.30xl0 4 m/s)(47rxlCT 7 T-m/A)(l.20xl0' 6 a) 


2n[l.67 x 1CT 27 kg)(9.80 m /s 2 ) 


= | 5.40 cm | 


J j s (out of paper) 


ANS. FIG. P30.34 


We may regard the sheet as being 
composed of filaments of current J S ds 
directed out of the page. According to the 
Biot-Savart law, the field contribution at a 
point has the direction ds x r, where r 
points from the current filament to the 
point. Consider the field contributions at an 
arbitrary point P to the right of the sheet. 

Draw a line normal to the sheet that passes 
through P . Consider the contributions to 
the field at P from two filaments that lie 
along the same vertical line and are 
equidistant from the normal (and P). The 

upper filament contributes +Z and +X field components, but the lower 
filament +Z and -X field components. The resulting field from both 
filaments points in the +Z-direction. By similar reasoning, the magnetic 
field at any point on the left side of the sheet points in the -Z direction. 
These same arguments hold for any point within the sheet. Also, the 
same reasoning shows that for any pair of filaments that lie on the 
same vertical line, the magnetic field at a point midway between them 
is zero. Thus, the field has no horizontal component within the sheet. 

Therefore, each filament of current creates a contribution to the total 
field that is parallel to the sheet and perpendicular to the current 
direction. They create field lines straight up to the right of the sheet 
and straight down to the left of the sheet. 

From Ampere's law applied to the suggested rectangle, 

p-dS^/: B-2(+0 =aV/ 

Therefore the field is uniform in space, with the magnitude 


_Uj s 


(a) In B =-^L the field will be one-tenth as large at a ten-times 
2nr 6 


larger distance: 1400 cm J . 
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P30.36 


(b) B=-^-k+-^_(-k) 

2nr 7 ' 1 


2 nr x 


_(47rxl(T 7 T m/A)(2.00 A)f \ 


0.398 5 m 0.4015 m 


= | 7.50 nT | 


(c) Call r the distance from cord center to field point and 
2d = 3.00 mm the distance between conductors. 

fl jVfj_1 WV 2 d 

2n\r-d r+d) 2nr 2 -d 


7.50 x 10~ 10 T 


=(2.00 xl(T 7 T-m/A)(2.00 A) 


(3.00 x 10~ 3 


r 2 - (2.25 x 1CT 6 m) 2 


so r= | 1.26 nT| . 

The field of the two-conductor cord is weak to start with and falls 
off rapidly with distance. 

(d) The cable creates | zero | field at exterior points, since a loop in 
Ampere's law encloses zero total current. Shall we sell coaxial- 
cable power cords to people who worry about biological damage 
from weak magnetic fields? 

By Ampere's law, the field at the position of the wire at distance r from 
the center is due to the fraction of the other 99 wires that lie within the 
radius r. 


jB-C&=p 0 l: 



ANS. FIG. P30.36 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 
















382 Sources of the Magnetic Field 


P30.37 


The field is proportional to r, as shown in ANS. FIG. P30.36. This field 
points tangent to a circle of radius r and exerts a force F = /lxB on the 
wire toward the center of the bundle. The magnitude of the force is 


— =/Bsin0 

i 


\ jJ 0 (99)l fr 
[ 2 kR [r. 


_(47Tx 1(T 7 T m/A)(99)(2.00 A) 2 
2?r ((3.500 x lO" 2 m) 

=6.34 xlCT 3 N/m 


_ M,(99 )/ 2 
2 jiR 

(0.400) 


(a) |6.34xl0~ 3 N/m] 

(b) Referring to the figure, the field is clockwise, so at the position of 
the wire, the field is downward, and the force is 

| inward toward the center of the bundle | • 

(c) B oc r, so B is greatest at the outside of the bundle. Since each wire 
carries the same current, F is | greatest at the outer surface"] . 


We assume the current is vertically upward. 

(a) Consider a circle of radius r slightly less than R . It 
encloses no current, so from 

i B■ ds =/V inside gives B[2nr) =0, 
we conclude that the magnetic field is | zero | . 

(b) Now let the r be barely larger than R . Ampere's 
law becomes 

B(2nR)=iJ 0 l, 


(c) 


/V 

2nR 


tangent to the wall 


- 


ANS. FIG. 
P30.37(a) 


t-j/ 


By the right-hand rule, the field direction is 
counterclockwise Af) (as seen from above). ANS. FIG. 

Consider a strip of the wall of horizontal width ds P30.37(b) 
and length i. Its width is so small compared to 
2kR that the field at its location would be essentially unchanged if 
the current in the strip were turned off. 

The current it carries is / = U p. 

s 2k R F 
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The force on it is 

C-x^l 

-g^aoa^tassa 


The pressure on the strip, and therefore, everywhere on the 
cylinder, is 

p = cF _ jU 0 l 2 £ds 1 = 
d4 [2nR] 2 ids 


, ^ „ inward 
(2nR) 


The pinch effect makes an effective demonstration when an 
aluminum can crushes itself as it carries a large current along its 
length. 

P30.38 Take a circle of radius r x or r 2 to apply 
<j)B ■ c/s =PqI , where for nonuniform 
current density I = jjdA. In this case B 
is parallel to ds and the direction of J is 
straight through the area element dA , so 
Ampere's law gives 

j>Bds = PojjdA 

(a) For r x <R, 

2 nr x B J' 1 br(2jzrdr) =^2^^- - 0 

and B = 

(b) For r 2 > R 


^(Pobr?) (inside) 



2nr 2 B =p 0 J* br(2nrdr) 
and B =f 


(outside) 
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ANS. FIG. P30.39 


Each wire is distant from P by 
(/ = 0.200 m) 


and each wire produces a field at P of 
equal magnitude 

B=Hi 

2 nr 

Carrying currents into the page, A 
produces at P a field to the left and 
downward at -135°, while B creates a field to the right and downward 
at -45°. Carrying currents out of the page, C produces a field downward 
and to the right at -45°, while D's contribution is downward and to the 
left. All horizontal components cancel; thus, all remaining components 
are vertically downward. The magnitude of the resulting field is 

B p =46cos45.0° =4-^-cos 45.0° =4— M -jL = 2 ^L 

2nr 2n[£/yfl) V2 n£ 

_2(47rxl(T 7 T m/A)(5.00 A) 

7r (0.200 m) 


=2.00 xlO" 5 T 


The magnetic field is 20.0 /JT toward the bottom of the page 


Section 30.4 The Magnetic Field of a Solenoid 
P30.40 The magnetic field inside of a solenoid is 6 =£(,/')/ =/J 0 (A/ //_)/. Thus, 
the number of turns on this solenoid must be 


N 


BL _ (9.00 T)(0.500 m) 

TV _ (47TX10 -7 T-m/A)(75.0 A) 


14.77x 10 4 turns) 


P30.41 


N 

The magnetic field at the center of a solenoid is B=fj Q — /, so 


/ 


B 1.00 xlO^T 0.400 m ,-, 

:-=t A -*-^—V7-w = 31.8 mA 

/J 0 n [An x 10“ 7 T-m/A 1000 1 - 1 


P30.42 In the expression B =N nj / 1 for the field within a solenoid with 

radius much less than 20 cm, all we want to do is increase N. 

(a) Make the wire as long and thin as possible without melting when 
it carries the 5-A current. Then the solenoid can have many turns. 
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(b) As small in radius as possible with your experiment fitting inside. 
Then with a smaller circumference the wire can form a solenoid 
with more turns. 

P30.43 (a) The field produced by the solenoid in its interior is given by 

B =Hfi ( 4 ) =(4wx lO- 7 T. m/A)(jp5- j(l5.0 A)(-i) 

B =-(5.65xl0“ 2 T) i 

The force exerted on side AB of the square current loop is 
(f s ) ab =/LxB =(0.200 A) 

x p2.00xl0“ 2 m)j x (5.65 x 10“ 2 t)(— i)] 

(F e ) aB =(2.26xl0- 4 N)k 4^ 



ANS. FIG. P30.43 


Similarly, each side of the square loop experiences a force, lying 
in the plane of the loop, of 

|~226 pN directed away from the center of the loop |. 

(b) From the above result, it is seen that the net torque exerted on the 
square loop by the field of the solenoid is | zero | . More formally, 
the magnetic dipole moment of the square loop is given by 

P=IA =(0.200 A)( 2.00 xicr 2 m) 2 (-i) =-80.0 pAm 2 i 
The torque exerted on the loop is then 

f =pxB =(-80.0 pA ■ m 2 i)x (-5.65 x 10“ 2 Ti)=[o] 
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0.100 cm 

solenoid is long enough to qualify as a long solenoid. Then the field 
within it (not close to the ends) is B = ~Y~> so 

_ Bi _(8.00xl0~ 3 t)( 0.750 m) 

~~N~IJ 0 ~ 750(4^:xl0 T-m/A) 

The resistance of the wire is 

_p£ wire _(l-7 x 10“ 8 O m)2n (0.050 0 m)750 


7T (o.050 OxlO" 2 

m ) 


=5.10 Q. 


The power delivered is 

p =IAV =I 2 R =(6.37 A) 2 (5.10 Q) = | 207 W | 

The power required would be smaller if wire were wrapped in several 
layers. 

P30.45 (a) From R = pL /A, the required length of wire to be used is 

R A 

L =-. The total number of turns on the solenoid (that is, the 

P 

number of times this length of wire will go around a 1.00 cm 
radius cylinder) is 

L R A (5.00 Q)[;r(0.500 xl0~ 3 

m ) 2 A] 

N ~2n? ~2nrp - 27r(l.00xl0~ 2 m)(l.7xl0~ s Q-m) 
= |9.2xl0 2 turns] 

(b) From B = f^nl, the number of turns per unit length on the 
solenoid is 


B _ 4.00 xlO' 2 T 

TV _ (4^xl0- 7 T-m/A)(4.00 A) 


=7.96 xlO 3 tums/m 


Thus, the required length of the solenoid is 


L 


N_ 

n 


9.2xlO 2 turns 
7.96xlO 3 tums/m 


= 0.12 m = 112 cm | 
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Section 30.5 Gauss's Law in Magnetism 
P30.46 (a) The magnetic flux through the flat surface Sj is 

(Og)^ =B • A =BkR 2 cos (180-0) = |~-B7rft 2 cosfl~| 
(b) The net flux out of the closed surface is zero: 

(4> b L -KtsL™, =o 

Therefore, 


P30.47 The flux is defined as O e = B ■ A 


(a) The flux through the shaded face is® B = B x A x + B y A y + B z A z . The 
shaded square's area is in the yz plane, so it counts as an x 
component of area. Here 

A y = A z = 0. Then, 

O e =jB dA=B A=(5i+4j+3k) T-(2.50xl0~ 2 mfi 
O b = 3.12 x 1(T 3 T • m 2 = 3.12 x 1CT 3 Wb = | 3.12 mWb | 

(b) For a closed surface, <j)B ■ c/A = 0, so (O e ) tota] =<| B ■ c/A = [~0~| 


P30.48 (a) <Dg = B-A = B/4 where/! is the cross-sectional area of the 

solenoid. Then, 


(4^xl0 -7 T m/A)(300)(12.0 A)r , 

=-^----- K 0.012 5 m 2 

0.300 m L 


=7.40 xl0~ 7 Wb =1 7.40 juWb I 


(b) O e =B-A =BA=(^-\n(if-if)\ 


(AnxIO- 7 T-m/A)(300)(l2.0 A) 
(0.300 m) 


=| 2.27 pWh] 


x^:[(8.00) 2 -(4.00) 2 ](l0- 3 m) 2 
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Section 30.6 Magnetism in Matter 

P30.49 (a) The Bohr magneton is 


-f9 27xlO-“T|(LLA| 

r it ^ 


l 9 - 27Xl ° xA 1J J 

^N-s/C-m , 

^C/s J 


=9.27 x 10” 24 A • m 2 


The number of unpaired electrons is 


8.00 xlO 22 A-m 2 
9.27 xlO" 24 A-m 2 


18.63 x 10 45 e ~ 


(b) Each iron atom has two unpaired electrons, so the number of iron 
atoms required is 

— N = —(8.63 x 10 45 ) = 4.31 x 10 45 iron atoms 
2 2 V ' 

Thus, 

M (4.31X10^ a t oms)(7 900kg/ m ^ | 401xl02 „ , 

8.50 x 10 8 atoms/m 3 I-1 


P30.50 The magnetic moment of one electron is taken as one Bohr magneton 
H B . Let x represent the number of electrons per atom contributing and n 
the number of atoms per unit volume. Then nx/J B is the magnetic 
moment per volume and the magnetic field (in the absence of any 
currents in wires) is B =ld 0 nx/J B =2.00 T.. Then 


x 


5 

A W 

_ _ 2.00 T _ 

_ (8.50xl0 28 rrT 3 )(47rxlO~ 7 T-m/A)(9.27xhT 24 

= | 2.02 | 


N-m/T) 


Additional Problems 

P30.51 The magnetic field inside of a solenoid is B =/J 0 nl =fJ 0 (N/L)I. Thus, 
the current in this solenoid must be 

_ BL1 rrprri 
IJqN ~ [4^rxlpT^VA](3aor” ^- 1 
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*P30.52 


Call the wire along the x-axis wire 1 and the other wire 2. Also, choose 
the positive direction for the magnetic fields at point P to be out of the 
page. At point P, 


2 nr x 2nr 2 2n yr r r 2 ) 
Substituting numerical values, 

_ (4tt x 10~ 7 T • m/A) ^ 7,00 A 6.00 A ^ 
net 2n y 3.00 m 4.00 mj 

B net = | 0.167 pi out of the page | 


=+1.67xl0“ 7 


T 


P30.53 (a) Suppose you have two 100-W headlights running from a 12-V 

p 200 W 

battery, with the whole / =-=-= 17 A current going 

7 AV 12 V 66 

through the switch 60 cm from the compass. Suppose the 
dashboard contains little iron, so p~ Pq- Model the current as 
being from a long, straight wire. Then, 

s _fV Jfejjg 

2nr 2^(0.6m) ^^ 

(b) If the local geomagnetic field is 5 x 10“ 5 T, this is 

| ~ IQ -1 times as large, | enough to affect the compass noticeably. 


P30.54 Use Equation 30.7 to find the field at a distance from a current loop 
equal to the radius of the loop: 

Ft M) /a? Po'* _ PylJ 

2 (f+xT 2 (a 2 +a 2 ) 372 2(2^r 

_ pM _ Pol 

2 5/2 a 3 2 5/2 a 


Solve for the current: 


Po 

Let a be the radius of the Earth and substitute numerical values: 
; _2 5/2 R e B _ 2 5/2 (6.37 x 10 6 m)(7.00 x 10~ 5 t) 

Pq 47T x 10“ 7 T • m/A 

= 2.01 x 10 9 A 
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P30.55 


This current would instantly vaporize any wire of reasonable size. For 
example, if we imagine a 1.00-m segment of copper wire 10 cm in 
diameter, a huge wire, this current delivers over a terawatt of power to 
this short segment! Furthermore, the power delivered to such a wire 
wrapped around the Earth is on the order of 10 20 W, which is larger 
than all of the solar power delivered to the Earth by the Sun. 

On the axis of a current loop, the magnetic field is given by 


M, jg 

(x 2 +R 2 


P30.56 


where in this case / = ~^~/—y The magnetic field is directed away 

from the center, with a magnitude of 
_ q 0 coR 2 q 
4n[x 2 +R 2 f /2 

_jU^(20.0 rad/s)(0.100 m) 2 (lO.O x 1CT 6 c) 

47r|jo.050 0 m) 2 +(0.100 m) 2 J /2 
=1.43 x 1CT 10 T = | 143 pT | 


On the axis of a current loop, the magnetic field is given by 


B-- 


i 


l[x 2 +R 2 


where in this case / 


q 

(2 n/co) 


. Therefore, 


_ g 0 coR 2 q 
4 n[x 2 +R 2 ) 3/2 


when x = —, 
2 


then 


jJ 0 coR 2 q 
4*(f R 2 ) 3 ' 2 


Mig» 

2 .5yf5nR 


P30.57 Consider a longitudinal filament of the strip of width dr as shown in 
the sketch. The contribution to the field at point P due to the current dl 
in the element dr is 


2nr 
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where dl = 




. Then, 


B =JdB =T k = 


k 

b 2nw r 

2 jiw y b) 




P30.58 (a) The horizontal component of Earth's magnetic field is given by 

_ B _p,NI j47rxl(T 7 T m/A)(5)(0.600 A) 

h - coil 0.300 m 

= [ 12.6 jl/t | 

(b) Refer to ANS. FIG. P30.58. We obtain the total magnetic field from 

B h =B sin d -» B =-§*- = 12-6 ^ =1 56.0 /JT I 
sin</» sin 13.0° 1 - 1 



ANS. FIG. P30.58 

P30.59 In ANS FIG. P30.59(a), the upper sheet acts as conventional current to 
the right. Consider a patch of the sheet of width t v parallel to the z axis 
and length d parallel to the x axis. The charge on it, A q= owd, passes a 
point in time interval At = d/ V, so the current it constitutes is 
Aq /At =owd/{d/v) =owV and the linear current density is 
J s = owv/ w=ov. 



d 


ANS. FIG. P30.59(a) 
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We may use Ampere's law to find the magnitude of the magnetic field 
produced by a sheet because of the translational symmetry along the Z 
axis. In ANS. FIG. P30.59(b), we look at the upper sheet as it 
approaches us: the upper sheet (and Z-axis) lies in a horizontal plane 
and the conventional current is out of the page. Choose a closed 
rectangular path of width w centered about the upper sheet. Because 
the current it out on the page, we expect the field to point to the right 
below the sheet and to the left above the sheet. 

For the loop, the term B ■ ds is non-zero along the sides parallel to the 
sheet and zero along the sides perpendicular to the sheet. From 
Ampere's law, we find the magnitude of the magnetic field on either 
side of the sheet: 


f B-cfe=/V 
e(2w)=iU 0 (y s w) 

B= UJs - FtP v 



ANS. FIG. P30.59(b) 


Therefore, the upper sheet creates field B above it and 

—^|-k) below it. Similarly, the lower sheet in its motion toward the 
right constitutes conventional current toward the left. It creates 
magnetic field ^/J 0 a\/(-k) above it and ^/J 0 c rvk below it. 

(a) Between the plates, their fields add to 

/Ji Q o \/(-k) = | /J 0 o v into the page | . 

(b) Above both sheets and below both, their equal-magnitude fields 
add to | zero | . 
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P30.60 


(c) The upper plate exerts no force on itself. The field of the lower 
plate, ^-jU 0 cf v(-k) will exert a force on the current in the W by d 
section, given by 

F b =UxB =avwcAx^p 0 ov^-k^=^p 0 o 2 v 1 wd] 


The force per area is 

F b _1 /^ctVi/i/cU 
wd 2 wd J 


=| — jU^cr 2 v 2 up toward the top of the page 


(d) The electrical force on our section of the upper plate is 



The electrical force per area is ° W< ^ down = down. To 
2 e 0 wd 2e 0 

have — PqG 2 ^ =—— we require 
2 2e n 


vM) e o 


We will find out in Chapter 34 that this speed 


is the speed of light. We will find out in Chapter 39 that this 
speed is not possible for the capacitor plates. 


(a) Use Equation 30.7 twice for the field created by a current loop 
B _ 


x 2(x‘+R I f 



\* — R —►! 

ANS. FIG. P30.60 
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P30.61 


P30.62 


If each coil has N turns, the field is just N times larger. 


_Ng 0 IR 2 

1 + 1 

2 

(x 2 +R 2 f 2 [(R-xf+R* f 


B-N^IR 2 

1 , 1 

2 

(/R 2 +x 2 ) 32 ( 2 R 2 +X 2 - 2 xR) 3/2 J 


(b) 4? = WM 2 ' fi -[ ->x)( y +R ^_|( 2R2 w _ 2xR )-^ {2x _ 2R) 


Substituting x = y and canceling terms, ^ = 0 


D2\- 7 F 


rfe = 3N^IR 2 ^ +R 2)-S/2_ 5;<2 ( X 2 +R 2 

+(2 R 2 +X 2 - 2x6 ) -5 ' 2 -5(x-Rf [2R+X 1 - 2xR)" 2 ' 2 ] 


Again substituting x = — and canceling terms. 


= 0 


We have a pair of Helmholtz coils whose separation distance is equal 
to their radius R . To find the magnetic field halfway between the coils 
on their common axis, we use Equation 30.7 to find the field produced 
on the axis of a loop the distance X = R/2 from its center: 

/i 0 IR 2 _ g 0 !R 2 _ g 0 l 

2[(R/2) 2 + R 2 f' [Ulf ,2 R 3 "l-«R forltUm 


6 = 2 - 


For N turns in each coil, 

b _/j 0 NI _(47rxl0~ 7 Tm/A)lOO(lO.O A) 
_ 1.40R 1.40(0.500 m) 

=1.80 xlO' 3 T = | 1.80 mT | 


Model the two wires as straight parallel wires (!). From the treatment 
of this situation in the chapter text (refer to Equation 30.12), we have 

_ m,/ 2 * 

2nd 


(a) F b 


_(4ttx 10~ 7 T ■ m/A)(l40 A) 2 [(2 tt)( 0.100 m)] 
B 27r(l.00xl0“ 3 m) 

= | 2.46 N upward"] 
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d 

ANS. FIG. P30.62 



the magnetic field produced a distance x above the 
center of a loop. The magnetic field at the center of the 
loop or on its axis is much weaker than the magnetic 
field just outside the wire. The wire has negligible 
curvature on the scale of 1 mm, so we model the lower 
loop as a long straight wire to find the field it creates at 
the location of the upper wire. 

(c) The acceleration of the upper loop is found from Newton's 
second law: 


lF = m loop a loop = F B -m ]oop g: 


F B - m io 0p g _2.46 N-(0.021 0 kg)(9.80 m/s 2 
(0.0210 kg) 


107 m/s 2 upward 


P30.63 In the textbook Figure P30.63, wire 1 carries current along the X axis 


and wire 2 carries current along the y axis. 

Choosing out of the page as the positive field direction, the field at 
point P is 



The result is positive; therefore, the field at P is 


(a) [0.500 gf| 


(b) [out of the page| 
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P30.64 


© 2014 Cengage Learning 


(c) At 30.0 cm above the intersection of the wires, the field 
components are as shown in ANS. FIG. P30.63, where 

B =-B l =-^Li 
y Inr 


(47TX10- 7 T-m/A)(5.00 A) 
2 tt (0.300 m) 


=-3.33 xlO -6 


T 



ANS. FIG. P30.63 


The resultant field is 


B =^B 2 X +B 2 y =3.89 xlO -6 T 


at 0=tan 1 



=-59.0° 


or B = | 3.89 fJT in the xy plane and at 59.0° clockwise] 

[from the +x direction] 

(a) The magnetic field at the center of a circular current loop of 
radius R and carrying current / is B =^1 / 2 R. The direction of 
the field at this center is given by the right-hand rule. Taking out 
of the page (toward the reader) as positive, the net magnetic field 
at the common center of these coplanar loops is 

B t =B 2 - Bl =-Uk-tiL 

net 2 1 2 r 2 2 r x 

_(47tx 10 -7 T-m/AV 3.00 A 5.00 A ^ 

2 v9.00xl0” 2 m 12.0 xlO -2 m J 

=-5.24 x 10 -6 T —> |fi net | = |5.24 yL/T | 

(b) By our convention above (out of the page is positive), the result of 
part (a) tells us that the net magnetic field is [into the page| . 
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P30.65 


P30.66 


(c) To have B net = 0, it is necessary that l 2 /r 2 = l 1 /r 1 ,or 

rj= ( 77 }' = d^x ) (12 ' 0cm)=E ^ 1 

(a) In c/B = Ids x r, the moving charge constitutes a bit of current 

4 n r 

as in / = nqvA . For a positive charge the direction of ds is the 
direction of v, so c/B =-^—nqA (cfe)v xr. Next, A (ds) is the 

volume occupied by the moving charge, and nA ( ds ) = 1 for just 
one charge. Then, 

~ _M, Cjvxi 
4 K r 2 

(b) The magnitude of the field is 

UnxlO' 7 T-m/A)(l.60xl0- 19 C)(2.00xl0 7 m/s) 

B =± -#-—sin 90.0° 

47r(l.00xlCT 3 m) 

= | 3.20 x 1CT 13 T | 

(c) The magnetic force on a second proton moving in the opposite 
direction is 

F b =q|vxB| =(l.60xl0” 19 c)(2.00xl0 7 m/s) 

x(3.20xl0“ 13 T)sin90.0° 

F B = | 1.02 x!0~ 24 N | directed away from the first proton 

(d) The electric force on a second proton moving in the opposite 
direction is 

c _ rJ= _k e qq 2 _(B.99xl0 9 N-m 2 /C 2 )(l.60xl0- 19 cf 
F ‘ "i 3 (l.OOxlO -3 ) 2 

F e = | 2.30 x!0~ 22 N | directed away from the first proton 

n I Unxl0~ 7 T m/A)(24.0 A) r _ 7 _ 

(a) B =i%=m-— ' 2-74XKT 4 T 

2 nr 2^(0.017 5 m) 1 - 

(b) Because current is diverted through the bar, only half of each rail 
carries current, so the field produced by each rail is half what an 
infinitely long wire produces. 
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Therefore, at point C, conductor A B produces a field 
i(2.74xHT* T)(-j),^ 

conductor D E produces a field of (2.74 x 1CT 4 T) (-j), BD 

produces no field, and A E produces negligible field. The total 
field at C is 2.74xHT 4 t(— j) 



(c) 


Under the assumption that the rails are infinitely long, the 
length of rail to the left of the bar does not depend on the 
location of the bar. 


The force on the bar is 

F b =/ixB=(24.0 A)(0.035 0 mk)x[5(2.74xl0“ 4 T)(-])] 
=1.15x 10~ 3 i N 
The field has magnitude 

(d) |l.l5xl0~ 3 N| in the 

(e) | +x direction. | 


(f) The bar is already so far from A E that it moves through nearly 
constant magnetic field. 

Yes, length of the bar, current, and field are constant, 
so force is constant. 
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P30.67 


P30.68 


YF (l.l5x 10“ 3 N)i / , 

(g) The acceleration is a =-=---=10.384 m/s )i: 

m 3.00 x 10~ 3 kg V ' 1 

v* f =vf +2ax =0+2(0.384 m/s 2 )(1.30 m) 


so v f = | (0.999 m/s)i | . 

: /V 


Each turn creates a field of a t the center of the coil. In all. they 
2 R 

create the field 


2 l R, R 2 


ANS. FIG. P30.67 

Using a spreadsheet to calculate the sum, we have 


B =^ f —+-!-+••+—¥—^—1 

2^5.05 5.15 9.95 AlO -2 m ) 


Ukx10~ 7 T-m/A)/, w lX 

-—(6.931347...)(l00 m' 1 ) 


Therefore, 5 = 4.36x10 4 /, where B is in teslas and / is in amperes.| 

The central wire creates field B =i^/_L counterclockwise. The curved 
2 kR 

portions of the loop feel no force since (. x B = 0 there. The straight 
portions both feel I t x B forces to the right, amounting to 


L Moli - 
2 nR 


Vo'JiL 

nR 


to the right 
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Challenge Problems 


P30.69 


(a) 


Let the axis of the solenoid lie along the y axis from y=-£ to y = 
0. We will determine the field at position y = X: this point will be 
inside the solenoid if -£ <x <0 and outside if X <-£ or X > 0. We 
think of solenoid as formed of rings, each of thickness dy. Now / 
is the symbol for the current in each turn of wire and the number 

of turns per length is — . So the number of turns in the ring is 




— \dy and the current in the ring is / r 




Now, we use 


Equation 30.7 for the field created by one ring: 


/■V ring^ 

z[(x-yf + a ? J /2 


where X - y is the distance from the center of the ring, at location 
y, to the field point (note that y is negative, sox-y = x+ |y|). 
Each ring creates a field in the same direction, along the y axis, so 
the whole field of the solenoid is 


B= I e nn 


2[(x-yf +rff -2[(x-y) 2 +a?f 


ftWa 1 i 
2t 


To perform the integral we change variables to U = x - y and 
dy = -du. Then, 


B 


jUg/A/a? x r du 

(if + *r 


and then using the table of integrals in the appendix, 

B _ jjJNif u \ x 

1^ 


jUp/A/ x _ x+l 


Mi/A/ 

X+£ x 

2£ 

VU+^F+a 2 Vx'+a 2 
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(b) If t is much larger than a and x = 0, we have 




21 


This is just half the magnitude of the field deep within the 
solenoid. We would get the same result by substituting X=-l to 
describe the other end. 


P30.70 Consider first a solid cylindrical rod of radius R carrying current 

toward you, uniformly distributed over its cross-sectional area. To find 
the field at distance r from its center we consider a circular loop of 
radius r: 


^B-c6=/V mside 

Blnr =p 0 7tr 2 J B=^~ B=^-kxr 

0 2 2 



Now the total field at P inside the saddle coils is the field due to a solid 
rod carrying current toward you, centered at the head of vector d, plus 
the field of a solid rod centered at the tail of vector d carrying current 
away from you. 

B x +B 2 =^-kxr 1 +^-(-k)xr 2 


Now note d+f, =r 2 . Then, 


B, +B 2 =^-kxr 1 -^-kx(d+f 1 )=^-dxk 
1 2 2 2 ' 11 2 


_M Jd 


down in the diagram 
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P30.71 


At a point at distance X from the left end of the bar, current / 2 creates 


magnetic field B = 


Ijtylh 1 +X 2 


r to the left and above the horizontal at 


angle # where tan# = —. This field exerts force on an element of the 

h 

rod of length dx 

dF =l 1 £xB =/, = sin# 

2 71V ff +X 2 right hand mle 


V 0 lil 2 dx 


dF = 


iTTylff +X 2 yjft +X 2 

jj 0 l 1 2 xdx I M 

2 jt(k+)?y ' 


into the page 



ANS. FIG. P30.71 

The whole force is the sum of the forces on all of the elements of the 
bar: 

• = } /UplJ^dx / a_ Mi / i / 2(-^) | ixdx 
]=o2n(lf +x 2 )' ' 4 n {/f+x 2 

MiVzf-k) 


An 

4 n 


In (tf+x 2 ) 


[ln(/f +f 2 )-ln/f ] 


(to- 7 n)(100 A)(200 A)(-k) | [(0.500 cm f +<10.0 cm) 2 
A 2 I (0.500 cm) 2 


=2x10 3 N-k in 401 = 1.20x10 2 N -k 
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P30.72 


(a) See ANS. FIG. P30.72(a). 



(currents are into the paper) 
ANS. FIG. P30.72(a) 


at a distance z above the plane of the conductors 
ANS. FIG. P30.72(b) 

(b) By symmetry, the contribution of each wire to the magnetic field 
at the origin is the same, but the directions of the fields are 
opposite, so the total field is |zero| . We can see this from 
cancellation of the separate fields in ANS. FIG. P30.72(a). 

(d) We choose to do part (d) first. At a point on the z axis, the 

Hi 


contribution from each wire has magnitude B = 


=■ and is 


2nlat +Z 2 

perpendicular to the line from this point to the wire as shown in 
ANS. FIG. P30.72(b). Combining fields, the vertical components 
cancel while the horizontal components add, yielding 


B v =2 ■ 


_pjz 

k[^ +Z 2 ) 


_(47rxl(T 7 )(8.00)z 
” tt[(0.0300) 2 +Z 2 ] 


B 32x10 _7 z - . - . t . , . . 

flf$= ---— i, where B is m teslas and Z is m meters. 

9x10~ 4 +z 2 _ 


(c) From part (d), taking the limit Z —; 

| zero | , as we should expect. 

(e) The condition for a maximum is: 


dB y _ -p 0 lz(2z) 


M)/ 


o gives 1 /z —> 0; so, the field is 


=0 or ^Kl=0 


dz jz[tf +Z 2 ) 2 n[d +Z 1 ) n (a^+z 2 )' 
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P30.73 


Thus, along the Z axis, the field is a maximum at 
| d= a=3.00 cm | . 


(f) 


Using the equation derived in part (d), the value of the maximum 
field is 


- _(32xl0“ 7 )(0.030 0), 


9x10 +(0.030 0) 2 


j T =5.33x10 T = 53.3 j yUT 


(a) From the shape of the wire, 

r=f(0) = (? — = e? = r 

dd 

and so we have 



ANS. FIG. P30.73 

(b) At the origin, there is no contribution from the straight portion of 
the wire since ds x r = 0. For the field contribution from the spiral, 
refer to the figure. The direction of ds x r is out of the page. The 
magnitude |dixr| =sin (3n/4) because the angle between ds and 
r is always 180° - 45° = 135° = 3^/4. 

Also, from the figure, 

dr = cfesin 7t/4 = ds/V2 -» ds= y/2dr 


The contribution to the magnetic field is then 
c/6 =|c/B| = 


_ 

[dsx r) 

_ /V |cg|sin0|r| 

(4tt) 

r 2 

(4 n) r 2 


_ gj y/2dr\ . (3n\ 

r 2 H 4 J. 
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The total magnetic field is 


3= « 




4 =^-7 r 2 ct=-H!-(r' 
r 4 n e =o 4 n ' 


2;r 

e=o 


Substitute r = €?: B=-^-[e e T =-^L[e 2jI -eP] = 

4k l J ° 4 n L J 

[out of the page. | 

P30.74 (a) Consider the sphere as being built up of little spinning ring 

elements of radius r, thickness dr, and height dx, centered on the 
rotation axis. Each ring holds charge dQ: 

dQ =pd\/ =p{2nrdr)(dx) 


dx 


ANS. FIG. P30.74 



“ll i-e- 


Each ring, with angular speed co, takes a period T = co /2 k to 
complete one rotation. Thus, each ring carries current 

dl =— =—[p(2Krdr)(dx)]=pcordrdx 
T 2k 


The contribution of each ring element to the magnetic field at a 
point on the rotation axis a distance X from the center of the 
sphere is given by Equation 30.7: 


dB 


. M) r 2 dl 

2 (x 2 +r 2 ) 3/2 


Combining the above terms, the field contribution is of a ring 
element is 


_p 0 pa>r 3 drdx 

2(x 2 +rf 2 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly; 


sible website, in whole or in part. 










406 Sources of the Magnetic Field 


The contributions of all rings gives 


* ^Y* 2 p 0 poj r’drdx 
-fi r =o 2 (x 2 +r 2 ) 3/2 


To evaluate the integral, let v = r 2 + x 2 , dv = 2rdr, and r 2 = v- x 2 . 


+R 

6 = i„ 


J 




Hpajv-x 1 )* 
2 2 V s ' 2 


= V° po} J I" J \r 1/2 dv-x 2 J i^cA/ldx 

e= M^ J ^v^+fzx 2 )^]^ 

4 x —r L ^ J 


■ H 4 E i[ 2(R - W,+2X, ft-s)]* 

B J ^2^--4|^ +2R^dx 

j - 4x+2R j dx 


B _. 2 mW 2 R 3 _ 4 R’ + 2 R A_ 

PoPCoR 2 

4 [ 3 fi 2 J 

3 


(b) 


From part (a), the current associated with each rotating ring of 
charge is 

dl = pcordrdx 

The magnetic moment contributed by this ring is 
dfj =A[dl) =[nr 2 )[pcordrdx) -ncoprdrdx 
The total magnetic moment is 


p =ncop J 

4fl 

=JT(Op J 


'r 2 ~>? _ +r Ur 2 —x 2 j 

dx —7T(Op J - dx 


J r 3 dr 

'=0 

(r 2 -x 2 ) 


dx 
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P30.75 


p =Tt(0£_ J |^4_2RV+x 4 )^ 

= T[' ,4 ( 2 R )- 2 ' ,2 ( 2 r) +? f] 


ifo 4 2W«pR 5 fl6^|_ 

4y zcopR 5 

l 3 5) 4 ll5j 

15 


Note that the current / exists in the conductor with a current density 

I = — , where 

A 


A = 



nat 

~Y 


Therefore J = — 7 . 

net 


P\ ~B\ 
B s ; -b 2 



ANS. FIG. P30.75 


To find the field at either point Pi or P 2 , find B s which would exist if the 
conductor were solid, using Ampere's law. Next, find B 1 and B 2 that 

would be due to the conductors of radius ^ that could occupy the void 

where the holes exist. Then use the superposition principle and 
subtract the field that would be due to the part of the conductor where 
the holes exist from the field of the solid conductor. 


(a) 


At point Pj, 


b 

2nr ' 1 


pJn[a/2) 2 _ pjn(a/2f 

2^(r-(a/2))' and ° 2 2n(r + (a/2)) 
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B=B S -B 1 -B 2 



1 1 

1 

In 

r 4(r-(tj/2)) 

4(r+(^2)) 

_Mj(2 /) 

\r‘-3-2r 


In 

4r(r 2 -(a 2 /4)) 



Hi 

'lr 2 -z?~ 

nr 

_4 r 2 -et 


directed to the left 


(b) At point P 2 , 

lKr 2n^r 2 +(a/2) 2 

The horizontal components of and 6' cancel while their 
vertical components add. 

B = B S -B[ cosd - E¥ 2 cos 6 




2 * r {2n^l^)j^l(l/4) 


B = 




r 2 


_ ^o(2/) L 2 r 2 

2nr l 4r 2 + a 2 


Hi 

'lr 2 + cT 

nr 

_ 4r 2 + a 2 _ 


2(^+(a?/4)) 

directed toward the top of the page 


P30.76 By symmetry of the arrangement, the magnitude of the net magnetic 
field at point P is B p = 8B 0x where B 0 is the contribution to the field due 

to current in an edge length equal to —. In order to calculate Bo, we use 

the Biot-Savart law and consider the plane of the square to be the yz 
plane with point P on the X-axis. The contribution to the magnetic field 
at point P due to a current element of length dz and located a distance z 
along the axis is given by the integral form of the Biot-Savart law as 

- _M)/ ( d£xr 

0 r 2 
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ANS. FIG. P30.76 

From ANS. FIG. P30.76 we see that 


r=J7+L}Ji+I and |cBxr| =dzsmO =dz 

By symmetry all components of the field B at P cancel except the 
components along X (perpendicular to the plane of the square); and 


B 0x = B (1 cos 0 where cos <j) 


L/2 


^L 2 / 4+x 2 


Therefore, 


|5|_d _AV Ts 


r 2 


and at P, B p = 8 B 0x . 

Using the expressions given above for sin#, cosp, and r, we find 
s -of Hi' IT 1 I C/4+X 2 L/2 

* » ((-Vl+^+z 2 )’ 2 
1 




' 8tt (l 2 /4 +x 2 ) yjL 2 /4 +x 2 +Z 2 


Therefore, 


B p 


M,/L 1 

L / 2 

* (L 2 /4+x 2 ) 

yjL 2 / 4 +x 2 +L 2 /4 

Vo‘L 2 



~2n[x 2 +L 2 /4) y Jx 2 +L 2 / 2 
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P30.77 (a) From Equation 30.9, the magnetic field produced by one loop at 

the center of the second loop is given by 

2X 3 'lux’ lux’ 


where the magnetic moment of either loop is /j =1 [nR 2 ). 
Therefore, 


11 M dx ^dx^nx 3 ) A2jiAx i ) 
_3 jjJjTTR 2 ] 


2 nX 4 


3n f^l z R 4 
~2 


, F] = 3n _ 3 a:( 4 >rxl 0- 7 T m/A)(lO.O A) 2 (5.00xlQ - 3 mf 

2 x 4 2 ( 5.00 x 10" 2 m ) 4 

'49350S 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 




Chapter 30 411 


lNSWERS to even-numbered problems 


P30.2 

(a) toward the left; (b) out of the page; (c) lower left to upper right 

P30.4 

675 A, downward 


P30.6 

12.5 T 


P30.8 

B =|l +—(directed into the page) 


P30.10 

into the paper 

4 KX 


P30.12 

See ANS. FIG. P30.12 


P30.14 

(a) aty = -0.420 m; (b) 3.47 xlO' 2 Nr(-j) ; (c) -1.73xl0 4 j 

N/C 

P30.16 

(a) See ANS. FIG. P30.16; (b) 3.84 x 10“ 21 N up; (c) 2.14 x 

10 -5 m; (d) This 


distance is negligible compared to 50 m, so the electron does move in a 
uniform field; (e) 134 revolutions 


P30.18 (a) 4 ' 5 °f i ° / ; (b) stronger 

7TL 


P30.20 

P30.22 

P30.24 

P30.26 


(a) 4.00 fJT toward the bottom of the page; (b) 6.67 /JT at 167.0° from the 
positive X axis 

(a) 8.00 A; (b) opposite directions; (c) force of interaction would be 
attractive and the magnitude of the force would double 


(a) The situation is possible in just one way; (b) 12.0 cm to the left of 
wire 1; (c) 2.40 A down 


MAM 

a 

2 K 

c(c+a) 


to the left 


P30.28 This is the required center-to-center separation distance of the wires, 
but the wires cannot be this close together. Their minimum possible 
center-to-center separation distance occurs if the wires are touching, 
but this value is 2 r = 2(25.0 /im) = 50.0 jum, which is much larger than 
the required value above. We could try to obtain this force between 
wires of smaller diameter, but these wires would have higher 
resistance and less surface area for radiating energy. It is likely that 
the wires would melt very shortly after the current begins. 

P30.30 500 A 

P30.32 (a) 3.60 T; (b) 1.94 T 
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P30.34 

P30.36 

P30.38 


P30.40 

P30.42 


P30.44 

P30.46 

P30.48 

P30.50 

P30.52 

P30.54 


P30.56 

P30.58 

P30.60 


P30.62 


AV S 

2 


(a) 6.34 x 10“ 3 N/m; (b) inward toward the center of the bundle; 
(c) greatest at the outer surface 

u br 2 

(a) 1 (for r x < R or inside the cylinder); 

U bR 3 

(b) —- (for r 2 > R or outside the cylinder) 

3 r i 

4.77 x 10 4 turns 


(a) Make the wire as long and thin as possible without melting when it 
carries the 5-A current; (b) As small in radius as possible with your 
experiment fitting inside. Then with a smaller circumference, the wire 
can form a solenoid with more turns. 


207 W 

(a) -BnR 2 cosd ; (b ) B7tR 2 cost? 
(a) 7.40 /Mb; (b) 2.27 /Mb 
2.02 


0.167 //T out of the page 

This current would instantly vaporize any wire of reasonable size. For 
example, if we imagine a 1.00-m segment of copper wire 10 cm in 
diameter, a huge wire, this current delivers over a terawatt of power to 
this short segment! Furthermore, the power delivered to such a wire 
wrapped around the Earth is on the order of 10 20 W, which is larger 
than all of the solar power delivered to the Earth by the Sun. 


2.5SkR 

(a) 12.6 a/T; (b) 56.0 fJT 


(a) B =B X1 +B x2 


_Nfj 0 IR 2 

1 + 1 

2 

_h+Rf 2 [(R-x) J + fif 2 


; (b) See 


P30.60(b) for full explanation. 


(a) 2.46 N upward; (b) Equation 30.7 is the expression for the magnetic 
field produced a distance x above the center of a loop. The magnetic 
field at the center of the loop or on its axis is much weaker than the 
magnetic field just outside the wire. The wire has negligible curvature 
on the scale of 1 mm, so we model the lower loop as a long straight 
wire to find the field it creates at the location of the upper wire; (c) 107 
m/s 2 upward 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 



Chapter 30 413 


P30.64 (a) 5.24 /IT ; (b) into the page; (c) 7.20 cm 

P30.66 (a) 2.74 x 10 -4 T; (b) 2.74 x 10" 4 T (-j); (c) Under the assumption that the 

rails are infinitely long, the length of rail to the left of the bar does not 
depend on the location of the bar; (d) 1.15 x 10“ 3 N; (e) +X direction; 

(f) Yes, length of the bar, current, and field are constant, so force is 
constant; (g) (0.999 m /s)i 

P30.68 tfoLLL to the right 
kR & 

P30.70 See P30.70 for full explanation. 

3?*10 ~ 7 7 - 

P30.72 (a) See ANS FIG P30.72(a); (b) zero; (c) zero; (d) B = j, 

9x10" 4 +z 2 

where B is in teslas and Z is in meters; (e) d = a = 3.00 cm; (f) 53.3 j /iT 

P30.74 (a) W^ 2 ;(b ) 4 ™y R5 

3 15 

P30.76 See P30.76 for full explanation. 
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Faraday's Law and Inductance 


CHAPTER OUTLINE 


31.1 Faraday's Law of Induction 

31.2 Motional emf 

31.3 Lenz's Law 

31.4 Induced emf and Electric Fields 

31.5 Generators and Motors 

31.6 Eddy Currents 


|* An asterisk indicates a question or problem new to this edition.| 


lNSWERS to objective questions 


OQ31.1 The ranking isE>A>B = D = 0>C. The emf is given by the 

negative of the time derivative of the magnetic flux. We pick out the 
steepest downward slope at instant E as marking the moment of 
largest emf. Next comes A. At B and at D the graph line is horizontal 
so the emf is zero. At C the emf has its greatest negative value. 

OQ31.2 (i) Answer (c). (ii) Answers (a) and (b). The magnetic flux is 

O b = BA cos 6. Therefore the flux is a maximum when B is 
perpendicular to the loop of wire and zero when there is no 
component of magnetic field perpendicular to the loop. The flux is 
zero when the loop is turned so that the field lies in the plane of its 
area. 

OQ31.3 Answer (b). With the current in the long wire flowing in the direction 
shown in Figure OQ31.3, the magnetic flux through the rectangular 
loop is directed into the page. If this current is decreasing in time, the 
change in the flux is directed opposite to the flux itself (or out of the 
page). The induced current will then flow clockwise around the loop, 
producing a flux directed into the page through the loop and 

414 
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opposing the change in flux due to the decreasing current in the long 
wire. 

OQ31.4 Answer (a). Treating the original flux as positive (i.e v choosing the 
normal to have the same direction as the original field), the flux 
changes from 

<f> S( = BiA cos 6i = BiA cos 0° = B t A 

to 0 Sf = B f A cosO f = B f A cos 180° = -B f A. 


OQ31.5 


OQ31.6 


OQ31.7 


_ A ®b _ 

(-b,a)-(b,a)' 

At 

At 


=2 [ (0 ' 060 0 50 s ^ T> ]^ (a04 ° =2 -° X10 " 3 V 

=2.0 mV 


Answers (c) and (d). The magnetic flux through the coil is constant in 
time, so the induced emf is zero, but positive test charges in the 
leading and trailing sides of the square experience a F =q(v x b) 
force that is in direction (velocity to the right) x (field 
perpendicularly into the page away from you) = (force toward the 
top of the square). The charges migrate upward to give positive 
charge to the top of the square until there is a downward electric 
field large enough to prevent more charge separation. 

Answers (b) and (d). By the magnetic force law F =q(v x b): the 
positive charges in the moving bar will feel a magnetic force in 
direction (velocity to the right) x (field perpendicularly out of the 
page) = (force downward toward the bottom end of the bar). These 
charges will move downward and therefore clockwise in the circuit. 
The current induced in the bar experiences a force in the magnetic 
field that tends to slow the bar: (current downward) x (field 
perpendicularly out of the page) = (force to the left); therefore, an 
external force is required to keep the bar moving at constant speed to 
the right. 

Answer (a). As the bar magnet approaches the loop 
from above, with its south end downward as shown 
in the figure, the magnetic flux through the area 
enclosed by the loop is directed upward and 
increasing in magnitude. To oppose this increasing 
upward flux, the induced current in the loop will 
flow clockwise, as seen from above, producing a ANS. FIG. 

flux directed downward through the area enclosed 

& nmi 7 
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by the loop. After the bar magnet has passed through the plane of the 
loop, and is departing with its north end upward, a decreasing flux is 
directed upward through the loop. To oppose this decreasing 
upward flux, the induced current in the loop flows counterclockwise 
as seen from above, producing flux directed upward through the 
area enclosed by the loop. From this analysis, we see that (a) is the 
only true statement among the listed choices. 

OQ31.8 Answer (b). The maximum induced emf in a generator is 

proportional to the rate of rotation. The rate of change of flux of the 
external magnetic field through the turns of the coil is doubled, so 
the maximum induced emf is doubled. 

OQ31.9 (i) Answer (b). The battery makes counterclockwise current / 2 in the 

primary coil, so its magnetic field B, is to the right and increasing 
just after the switch is closed. The secondary coil will oppose the 
change with a leftward field B 2 , which comes from an induced 
clockwise current / 2 that goes to the right in the resistor. The upper 
pair of hands in ANS. FIG. OQ31.9 represent this effect. 




ANS. FIG. OQ31.9 

(ii) Answer (c). At steady state the primary magnetic field is 
unchanging, so no emf is induced in the secondary. 

(iii) Answer (a). The primary's field is to the right and decreasing as 
the switch is opened. The secondary coil opposes this decrease by 
making its own field to the right, carrying counterclockwise current 
to the left in the resistor. The lower pair of hands shown in ANS. FIG. 
OQ31.9 represent this chain of events. 

OQ31.10 Answers (a), (b), (c), and (d). With the magnetic field perpendicular 
to the plane of the page in the figure, the flux through the closed loop 
to the left of the bar is given by O e = BA, where B is the magnitude 
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of the field and A is the area enclosed by the loop. Any action which 
produces a change in this product, BA , will induce a current in the 
loop and cause the bulb to light. Such actions include increasing or 
decreasing the magnitude of the field B, and moving the bar to the 
right or left and changing the enclosed area A . Thus, the bulb will 
light during all of the actions in choices (a), (b), (c), and (d). 



ANS. FIG. OQ31.10 

OQ31.11 Answers (b) and (d). A current flowing 

counterclockwise in the outer loop of the a 

figure produces a magnetic flux through the I U 

inner loop that is directed out of the page. If 
this current is increasing in time, the change 
in the flux is in the same direction as the ANS. FIG. 

flux itself (or out of the page). The induced OQ31.11 

current in the inner loop will then flow 
clockwise around the loop, producing a flux through the loop 
directed into the page, opposing the change in flux due to the 
increasing current in the outer loop. The flux through the inner loop 
is given by <1> S = BA , where B is the magnitude of the field and A is 
the area enclosed by the loop. The magnitude of the flux, and thus 
the magnitude of the rate of change of the flux, depends on the size 
of the area A . 


lNSWERS to conceptual questions 


CQ31.1 Recall that the net work done by a conservative force on an object is 
path independent; thus, if an object moves so that it starts and ends at 
the same place, the net conservative work done on it is zero. A positive 
electric charge carried around a circular electric field line in the 
direction of the field gains energy from the field every step of the way. 
It can be a test charge imagined to exist in vacuum or it can be an actual 
free charge participating in a current driven by an induced emf. By 
doing net work on an object carried around a closed path to its starting 
point, the magnetically-induced electric field exerts by definition a 
nonconservative force. We can get a larger and larger voltage just by 
looping a wire around into a coil with more and more turns. 
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CQ31.2 

CQ31.3 

CQ31.4 

CQ31.5 

CQ31.6 

CQ31.7 

CQ31.8 


The spacecraft is traveling through the magnetic field of the Earth. 
The magnetic flux through the coil must be changing to produce an 
emf, and thus a current. The orientation of the coil could be changing 
relative to the external magnetic field, or the field is changing 
through the coil because it is not uniform, or both. 

As water falls, it gains speed and kinetic energy. It then pushes 
against turbine blades, transferring its energy to the rotor coils of a 
large AC generator. The rotor of the generator turns within a strong 
magnetic field. Because the rotor is spinning, the magnetic flux 
through its coils changes in time as O b = BA cos cot Generated in the 
-Ncfo R 

rotor is an induced emf of £ = -This induced emf is the 

dt 

voltage driving the current in our electric power lines. 

Let us assume the north pole of the magnet faces the ring. As the bar 
magnet falls toward the conducting ring, a magnetic field is induced 
in the ring pointing upward. This upward directed field will oppose 
the motion of the magnet, preventing it from moving as a freely- 
falling body. Try it for yourself to show that an upward force also 
acts on the falling magnet if the south end faces the ring. 

To produce an emf, the magnetic flux through the loop must change. 
The flux cannot change if the orientation of the loop remains fixed in 
space because the magnetic field is uniform and constant. The flux 
does change if the loop is rotated so that the angle between the 
normal to the surface and the direction of the magnetic field changes. 

Yes. The induced eddy currents on the surface of the aluminum will 
slow the descent of the aluminum. In a strong field the piece may fall 
very slowly. 

Magnetic flux measures the "flow" of the magnetic field through a 
given area of a loop—even though the field does not actually flow. 

By changing the size of the loop, or the orientation of the loop and 
the field, one can change the magnetic flux through the loop, but the 
magnetic field will not change. 

The increasing counterclockwise current in the solenoid coil 
produces an upward magnetic field that increases rapidly. The 
increasing upward flux of this field through the ring induces an emf 
to produce clockwise current in the ring. The magnetic field of the 
solenoid has a radially outward component at each point on the ring. 
This field component exerts upward force on the current in the ring 
there. The whole ring feels a total upward force larger than its 
weight. 
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CQ31.9 Oscillating current in the solenoid produces an always-changing 

magnetic field. Vertical flux through the ring, alternately increasing 
and decreasing, produces current in it with a direction that is 
alternately clockwise and counterclockwise. The current through the 
ring's resistance converts electrically transmitted energy into internal 
energy at the rate l 2 R. 

CQ31.10 (a) Counterclockwise. With the current in 

the long wire flowing in the direction 
shown in the figure, the magnetic flux 
through the rectangular loop is directed 
out of the page. As the loop moves away 
from the wire, the magnetic field 
through the loop becomes weaker, so ANS. FIG. CQ31.10 
the magnetic flux through the 
loop is decreasing in time, and the change in 
the flux is directed opposite to the flux itself (or into the page). 
The induced current will then flow counterclockwise around 
the loop, producing a flux directed out of the page through the 
loop and opposing the change in flux due to the decreasing flux 
through the loop. 

(b) Clockwise. In this case, as the loop moves toward from the wire, 
the magnetic field through the loop becomes stronger, so the 
magnetic flux through the loop is increasing in time, and the 
change in the flux has the same direction as the flux itself (or out 
of the page). The induced current will then flow clockwise 
around the loop, producing a flux directed into the page 
through the loop and opposing the change in flux due to the 
increasing flux through the loop. 
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SOLUTIONS TO END-OF-CHAPTER PROBLEMS 


Section 31.1 Faraday's Law of Induction 
*P31.1 From Equation 31.1, the induced emf is given by 


ip, j W_j<(S.A) 

I At I At 

_(2.50 T-0.500 T)(8.00x 10" 4 m 2 )/ lN-s 
1.00 s llTCm 


=1.60 mV 

We then find the current induced in the loop from 
£ 1.60 mV | - —— -—| 

loop ~ ^ ~ 200Q -1 0.800 mA ] 


f l VC ) 
il N-m/ 


*P31.2 


P31.3 


(a) Each coil has a pulse of voltage 

tending to produce counterclockwise 
current as the projectile approaches, 
and then a pulse of clockwise voltage 
as the projectile recedes. 


(b) 


d _ 1.50 m 

t ~ 2.40 x 10” 3 s 


| 625 m/s~| 


(a) From Faraday's law, 

£ = -N — = -N [ — 1a cosfl 
At {At) 


-A—V* 

— / jr 

ANS. FIG. P31.2 


|e| =|-(i)^ S ' At e ' jF^lcossj; 

= ( 1 i^r)^ (0 ' 00160m ^ <1> 

=(l2.5 T/s)[tt( 0.001 60 m) 2 ] ^.OlxlO" 4 T 

101 jUV tending to produce clockwise current 
as seen from above 


(b) In case (a), the rate of change of the magnetic field was +12.5 T/s. 
In this case, the rate of change of the magnetic field is 
(-0.5 T - 1.5 T)/ 0.08 s = -25.0 T/s: it is twice as large in 
magnitude and in the opposite sense from the rate of change in 
case (a), so the emf is also 

[twice as large in magnitude and in the opposite sense| . 
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P31.4 


P31.5 


P31.6 


P31.7 


P31.8 


From Equation 31.2, 

= _ w A(RAcosfl) y cose f -cos9A 

At At J 

=-25.0(50.0x10- t)[*(0.500 

£ = | 39.82 mV ] 


With the field directed perpendicular to the plane of the coil, the flux 
through the coil is 0 B =BA cosO 0 =BA . For a single loop. 


|fi| 


AO b _B(AA) 

' At At 

(0.150 T)[tt( 0.120 m) 2 -O] 
0.200 s 


=3.39 xlO" 2 V =1 33.9 mV 


With the field directed perpendicular to the plane of the coil, the flux 
through the coil is 0 B =BA cos0° =BA . As the magnitude of the field 
increases, the magnitude of the induced emf in the coil is 

|£| J-^A =i^jA =(0.0500 T/s)[tt( 0.120 m) 2 ] 

=2.26 x 10~ 3 V = | 2.26 mV | 

The angle between the normal to the coil and the magnetic field is 
90.0° - 28.0° = 62.0°. For a loop of N turns, 

e =-N =_/v 4 ( 6/4 cose) 

at at 


£ =-NBcosd 


=-200 (50.0 xlO -6 T)(cos62.0° 


1.80 s 


= -10.2 pV 


For a loop of N turns, the induced voltage is 


d(B A) 


f 0-BA cos 6 ) 


At 


J 


+200(1.60 T)(o.200 m 2 )cos0° 
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P31.9 


P31.10 


P31.ll 


The induced current is then 


£ _ 3 200 V 
R~ 20.0 Q. 


160 A | 


Faradays law gives 

|£| = |^t1 =N {^) A =A/ [^( a0100t+a0400t2 )] / ' 

or |£| =N (0.010 0 +0.080 0t)A 


where |£| is in volts, A is in meters squared, and t is in seconds. At 
t = 5.00 s, suppressing units, 

|£| =30.0[0.010 0+0.080 0(5.00)][tt(0.040 0) 2 ] 

=6.18 xlO -2 =1 61.8 mV I 


We have a stationary loop in an oscillating magnetic field that varies 
sinusoidally in time: B = B max sin cot, where B max = 1.00 x 10~ 8 T, 
co = 2k f, and f = 60.0 Hz. The loop consists of a single band (A/ = 1) 
around the perimeter of a red blood cell with diameter 
d = 8.00 x 10” 6 m and area A = nd 2 /A. The induced emf is then 



=-A/ — (B max sin cot) A =-coNAB max cos cot 
dt ' 


Comparing this expression to £ = £ max cos cot, we see that 
£ max = coNAB max . Therefore, 


£ max =coNAB max 

=[2tt( 60.0 Hz)](l)| 
=[l89x10~ u V| 


Tr^.OOxlO" 6 m) 5 


1.00xlO" 3 T) 


The symbol for the radius of the ring is r v and we use R to represent its 
resistance. The emf induced in the ring is 

£ = —--(BA cos@) =-^~ (0.500u,n/ A cos0°) =-0.500 /MnA 
dt dt 
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Note that A must be interpreted as the area A = nr. 2 2 of the solenoid, 
where the field is strong: 

£ = -0.500(4tt x 1(T 7 T -m/A)(l 000 tums/m) 

x [^(0.030 0 m) 2 ](270 A/s) 


f-4 80 x 10-1^1 

f 1N-S "j 

ri\Ac^ 

l s ) 

Ic-m-Tj 

[ N-m ) 


= -4.80 x 10 V 


(a) The negative sign means that the current in the ring is 

counterclockwise, opposite to the current in the solenoid. Its 
magnitude is 


(b) 


! _ \£\ _ 0.000 480 V 

rins “ R ~ 0.000 300 Q 


11.60 A | 


B _p 0 l _ (4tt x 10~ 7 T m/A)(1.60A) 

nng 2 p 2(0.050 0 m) 

=2.01 x 10~ 5 T = | 20.1 jt/T | 


(c) The solenoid's field points to the right through the ring, and is 
increasing, so to oppose the increasing field, B ring points to the 

5§. 



ANS. FIG. P31.ll 


P31.12 


See ANS. FIG. P31.ll. The emf induced in the ring is 

i a -S£4>n.- " ' 


(a) /* 


)U 0 mr 2 2 A/ 
2 R At 


counterclockwise as viewed from the left 


end. 


(b) 


e=^ = 

2 r, 


plrmr .f A/ 

4 r x R At 
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P31.13 


(c) 


(a) 


The solenoid's field points to the right through the ring, and is 
increasing, so to oppose the increasing field, B nng points to the 

ss 


At a distance X from the long, straight 

wire, the magnetic field is B =-^-. 

6 2 KX 

The flux through a small rectangular 
element of length L and width dx 
within the loop is 

ctt>o =B • dA =-^—Ldx\ 

B 2 KX 



ANS. FIG. P31.13 




_T U> IL -I I 

l 2 n x 2 n 1 


h+w\ 

~h~) 


(b) £ = 


d® B - d \^ IL ]J h+w ]\ - \^ L J h+w ]\ dl 

dt dt[2n { h )\ [in { h )\dt 

where — =— [a+bt) =b 
dt dt 

(4n x 1CT 7 T-m/A)(l.00 m) 


In 

xln| 

=-4.80 xlO -6 V 


( 0.010 c 

l 0 . 


0 m +0.100 m 


1(10.0 A/s) 


Therefore, the emf induced in the loop is | 4.80 [N ] . 

(c) The long, straight wire produces magnetic flux into the page 
through the rectangle, shown in ANS. FIG. P31.13. As the 
magnetic flux increases, the rectangle produces its own magnetic 
field out of the page to oppose the increase in flux. The induced 
current creates this opposing field by traveling | counterclockwise | 
around the loop. 

P31.14 The magnetic field lines are confined to the interior of the solenoid, so 
even though the coil has a larger area, the flux through the coil is the 
same as the flux through the solenoid: 

O s = ( //) nl^A solenoid 
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=-(15)(4^x 10“ 7 T m/A)(l.00xl0 3 nT 1 ) 

xtt(0.020 0 m) 2 (600)cos(l20t) 
=-0.014 2cos(l20t) 

£ =-(l.42 x 10” 2 )cos(l20t), 
where t is in seconds and £ is in V. 

P31.15 The initial magnetic field inside the solenoid is 

B =H,rf =(4* x 10" 7 T m/A )(^^)<3-00 A) 
=1.88 xlO -3 T 

(a) O s =BA cosd =(l.88x 10 -3 t)(i.00x10“ 2 mfcosO 0 


=| 1.88 xlO~ 7 T-m 2 | 


(b) When the current is zero, the flux through the loop is <1> B = 0 and 
the average induced emf has been 

, , |AOj |0-1.88xl0 -7 T-m 2 | ,---, 

£ ='■ - B| = '-U 6.28x10-* V 

1 1 At 3.00 s 1 - 1 


P31.16 The solenoid creates a magnetic field 

B = p Q nl = (4nx 10" 7 N/A 2 )(400 turns/m)(30.0 A)(l - e _1 


B = (1.51 x 10" 2 N/m • A)(l - e 16l,t ) 

The magnetic flux through one turn of the flat coil is O b = J6d4 cosd, 
but since dA cos 6 refers to the area perpendicular to the flux, and the 
magnetic field is uniform over the area A of the flat coil, this integral 
simplifies to 

O e =ejd4 =b(kR 2 ) 

=(l.51xl0" 2 N/m-A)(l-e 160t )[^:(0.060 0 m) 2 ] 
=(l.71xl0“* N/m-A)(l-e 160t ) 
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P31.17 


The emf generated in the N -turn coil is £ = -N cfo B /dt. Because t has 
the standard unit of seconds, the factor 1.60 must have the unit s” 1 . 


£=-(250) 1.71x10' 


4 N-m^(i-e- 160t ) 


dt 


=-^0.042 6(1.60 s- 1 )^" 1 -* 


| £ = 68.2e 160t , where t is in seconds and £ is in mV. | 

~e 

N turns 

ANS. FIG. P31.16 

Faraday's law, £ = -N -, becomes here 



£=-A/4(R4cos0) =-NAcosO < ^ 
dt dt 

The magnitude of the emf is 
|£| = A/Acos<)(^j 
The area is 


. a 

/Vcosflf— 

[At 

80.0 x 10~ 3 V _ 

600 x IQ" 6 T - 200 x 10" 6 T 
0.400 s 

Each side of the coil has length d = 4 a , so the total length of the wire 
is 

L = N (4c/) = AN 4A = (4)(50)Vh85 m 2 = | 272 m | 


A =- 

50 (cos 30.0°) 


^ =1.85 m 2 
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P31.18 


(a) 


Suppose, first, that the central wire is long and straight. The 
enclosed current of unknown amplitude creates a circular 
magnetic field around it, with the magnitude of the field given by 
Ampere's law. 


<j)B • ds =p 0 /: 


g _ /V max sa 1 a t 

2 kR 


at the location of the Rogowski coil, which we assume is centered 
on the wire. This field passes perpendicularly through each turn 
of the toroid, producing flux 

BA = Ai ° /max>A sinft)f 


The toroid has 2 nRr\ turns. As the magnetic field varies, the emf 
induced in it is 

£ =-A/4b-A =-2nRn ^ lmaxA -^-smcot 
dt 2 kR dt 

=-l^l max nAco cosco t 

This is an alternating voltage with amplitude £ max =p 0 nAco / max . 
Measuring the amplitude determines the size / max of the central 
current. Our assumptions that the central wire is long and 
straight and passes perpendicularly through the center of the 
Rogowski coil are all unnecessary. 

(b) If the wire is not centered, the coil will respond to stronger 

magnetic fields on one side, but to correspondingly weaker fields 
on the opposite side. [The emf induced in the coil is proportional| 
to the line integral of the magnetic field around the circular axis| 
of the toroid. Ampere's law says that this line integral depends) 
only on the amount of current the coil encloses.) It does not 
depend on the shape or location of the current within the coil, or 
on any currents outside the coil. 

P31.17 In a toroid, all the flux is confined to the inside of the toroid. From 

Equation 30.16, the field inside the toroid at a distance r from its center is 

B J&L 

2k r 


The magnetic flux is then 


O e =|6d4 

= ML 

2k 


. M,A// max 

2k 


sinw tj 


at 

r 


asinft) tlnl 


b+R^ 
R ) 
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P31.20 


and the induced emf is 


£=N'^=N'[ 


, (b+R\ 

- koaln - cosfflt 

dt \ 

, 2 n 

J { R J 


Substituting numerical values and suppressing units, 

(4tt x 10“ 7 )(500)(50.0) 

2n 

x[2^(60.0)](0.0200)ln(^ 0 03 ° 0 0 ^ l 0 0400 jcosmt 



ANS. FIG. P31.19 


In Figure P31.20, the original magnetic field points into the page and is 
increasing. The induced emf in the upper loop attempts to generate a 
counterclockwise current in order to produce a magnetic field out of 
the page that opposes the increasing external magnetic flux. The 
induced emf in the lower loop also must attempt to generate a 
counterclockwise current in order to produce a magnetic field out of 
the page that opposes the increasing external magnetic flux. Because of 
the crossing over between the two loops, the emf generated in the 
loops will be in opposite directions. Therefore, the magnitude of the 
net emf generated is 


£ net 


_e r -A M 

-t 2 


-A^=(^ 2 2 -^ 2 ) 


dB 

dt 


where the upper loop is loop 1 and the lower one is loop 2. 
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(a) The induced current will be the ratio of the net emf to the total 
resistance of the loops: 



Substitute numerical values: 


I - (2-00 T/s)(0 090 0 m - 0.050 0 m) _, Q ^ ; , , 


(b) The emf in each loop is trying to push charge in opposite directions 
through the wire, but the emf in the lower loop is larger because its 
area is larger (changing flux is proportional to the area of the loop), 
so the lower loop "wins": the Current is counterclockwise in the| 
[lower loop and clockwise in the upper loop) . 


Section 31.2 Motional emf 

Section 31.3 Lenz's Law 

*P31.21 The angular speed of the rotor blades is 

co =(2.00 rev/s)(2 n rad/rev) =4.00 tt rad/s 
Thus, the motional emf is then 


£ =^Brot 2 =^(50.0xHT 6 t)( 4.007T rad/s)(3.00 m) 2 


P31.22 (a) B ext = B ext i and B ext decreases; therefore, the induced field is 

^induced = induced 1 ( to th e right) and the current in the resistor is 
directed from a to b, to the right I. 
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(b) B ext =B ext (-i) increases; therefore, the induced field B induced = 

^induced ( ) is to the right, and the current in the resistor is 

directed from a to b, [out of the page | in the textbook picture. 

(c) B ext =B ext (-k) into the paper and B ext decreases; therefore, the 
induced field is B mdtlced =6 jnduced (-k) into the paper, and the 
current in the resistor is directed from a to b, | to the right | . 

P31.23 The motional emf induced in a conductor is proportional to the 

component of the magnetic field perpendicular to the conductor and to 
its velocity. 

e =fi/\z=(35.0xicr 6 t)( 15.0 m)(25.0 m/s) 

=1.31 x 1CT 2 y =td3.1 mf.|l 


P31.24 


P31.25 


(a) 


The potential difference is equal to the motional emf and is given 
by 

£ =B?V=( 1.20 xicr 6 t)( 14.0 m)(70.0 m/s) 

=1.18 xlO" 3 V = | 11.8 mV | 


(b) A free positive test charge in the wing feels a magnetic force in 
direction v x B = (north) x (down) = (west): it migrates west. [The| 
[wingtip on the pilot's left is positive.) 

(c) | No change] . A positive test charge in the wing feels a magnetic 

force in direction v x B = (east) x (down) = (north): it migrates 
north. The left wingtip is north of the pilot. 


(d) 


No. If you try to connect the wings to a circuit containing the light 
bulb, you must run an extra insulated wire along the wing. In a 
uniform field the total emf generated in the one-turn coil is zero. 


(a) The motional emf induced in a conductor is proportional to the 
component of the magnetic field perpendicular to the conductor 
and to its velocity; in this case, the vertical component of the 
Earth's magnetic field is perpendicular to both. Thus, the 
magnitude of the motional emf induced in the wire is 

£ =BJv=[[5 O.OxlCT 6 T)sin53.0°](2.00 m)(0.500 m/s) 
=3.99 xl0“ 5 VA? 39.9jUV| 
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(b) Imagine holding your right hand horizontal with the fingers 
pointing north (the direction of the wire's velocity), such that 
when you close your hand the fingers curl downward (in the 
direction of B ± ). Your thumb will then be pointing westward. By 
the right-hand rule, the magnetic force on charges in the wire 
would tend to move positive charges westward. 

[The west end is positive. | 

*P31.26 See ANS. FIG. P31.26. The current is given by 
£ _ Biv 
~ R~ R 


Solving for the velocity gives 


= IR_ _ (0.500 A)(6.00 Q) 

V Bl (2.50 T)(l.20 m) 


=|l.00 m/s| 



ANS. FIG. P31.26 


P31.27 (a) Refer to ANS. FIG. P31.26 above. At constant speed, the net force 

on the moving bar equals zero, or 


where the current in the bar is I = £/R and the motional emf is 
£ = B tv. Therefore, 


_B£v, v _B 2 i 2 v _(2.50 T) 2 (l.20 m) 2 (2.00 m/s) 
~ R R ~ 6.00 Q 

=3.00 N 


The applied force is | 3.00 N to the right 


R 2 P 2 \f 

(b) P= I 2 R = —- = 6.00 W or P = Fv= \ 6.00W] 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 



















432 Faraday’s Law 


*P31.28 With V representing the initial speed of the bar, let U represent its 
speed at any later time. The motional emf induced in the bar is 
£ Bdu 

£ = Blu. The induced current is / = — = The magnetic force on 

the bar is backward F = -l£B = _ B lpL = 

R dt 

Method one: To find U as a function of time, we separate variables 
thus: 


Rm 


du 

u 


j. B 2 i 2 

J o Rm 


dt = ] 


du_ 

u 


B 2 f 2 

(t-0)=lnu-lnv=ln 

Rm 


u 

v 


e -B 2 ft/Rm 

V 

u =ve Bl(2t/Rm 


dx 

dt 


The distance traveled is given by 



f -B 2 £ 2 dt\ 

B 2 £ 2 I{ 

l Rm ) 


B 2 £ 2L j B z £ 2 


Method two: Newton's second law is 

B 2 i 2 u _ B 2 t 2 dx _ du 
R ~~ R~~dt~ m ~dt 

B 2 £ 2 

mdu r dx 


Direct integration from the initial to the stopping point gives 

0 *max fi2/,2 

jmdu = J — dx 

v 0 R 

r 2 p 2 

m(0-v) (x max -0) 

mvR 

x =—rw 

max B 2 £ 2 
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*P31.29 


P31.30 


The magnetic force on the rod is given by 
F b = l£B 

and the motional emf by 
£ = BtV 

™ .. . u , £ Biv _ IR 

The current is given by / = — =-, so d- —. 

6 y RR iv 


(a) F b W * and / = M =J (1 °° » m/s) =P00A| 

w 6 iv \ R V 8.00 Q 1 - 1 

(b) The rate at which energy is delivered to the resistor is the power 
delivered, given by 

p =I 2 R =(0.500 A) 2 (8.00 Q) = | 2.00 W | 

(c) For constant force, P =F • v =(1.00 N)(2.00 m/s) = | 2.00 W~| . 


To maximize the motional emf, the automobile must be moving east or 
west. Only the component of the magnetic field to the north generates 
an emf in the moving antenna. Therefore, the maximum motional emf is 

£ max = BivcosO 

Let's solve for the unknown speed of the car: 

_ £ max 

Bi cos 6 

Substitute numerical values: 


P31.31 


_ 4.50 x 10~ 3 V _ 

_ (50.0 x HT 6 T)(l.20 m) cos 65.0° 


= 177 m/s 


This is equivalent to about 640 km/h or 400 mi/h, much faster than the 
car could drive on the curvy road and much faster than any standard 
automobile could drive in general. 

The motional emf induced in a conductor is proportional to the 
component of the magnetic field perpendicular to the conductor and to 
its velocity. The total field is perpendicular to the conductor, but not to 
its velocity. As shown in the left figure, the component of the field 
perpendicular to the velocity is B ± - 6cos 6. The motion of the bar 
down the rails produces an induced emf £ = B ± dv= Bdvcos 6 that 
pushes charge into the page. The induced emf produces a current 
I = £/R = Bi vcos0/R , where we assume that significant resistance is 
present only in the resistor. Because current in the bar travels into the 
page, and the field is downward, a magnetic force acts on the bar to 
the left: its magnitude is F =//Bsin90.0° =/ (’B = B 2 £ 2 Vcos6/R . 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 



434 Faraday’s Law 



ANS. FIG. P31.31(a) 


f b 


ANS. FIG. P31.31(b) 



In the free-body diagram shown in ANS. FIG. P31.31(b), it is 
convenient to use a coordinate system with axes vertical and 
horizontal. The force relationships are 

£F X =-F +nsin 6 =0 —> risind =F =B 2 £ 2 vcosd/R 


Y,F y =-mg +n cos 6 =0 -> ncos 6 =mg 
Dividing the first by the second equation, we get 

jrsinG _ B 2 / 2 vcosd/R _ mgR smd 

pr cos 0 mg B 2 i 2 cos 2 6 

Substituting numerical values, 

_(0.200 kg)(9.80 m/s 2 )(1.00 Q)sin25.0° - 

V (0.500 T) 2 (1.20 m) 2 cos 2 25.0° 

P31.32 Refer to ANS. FIG. P31.31 above. The motional emf induced in a 
conductor is proportional to the component of the magnetic field 
perpendicular to the conductor and to its velocity. The total field is 
perpendicular to the conductor, but not to its velocity. As shown in the 
left figure, the component of the field perpendicular to the velocity is 
6, = Bcosd. The motion of the bar down the rails produces an induced 
emf £ = Bj:v= B/vcosG that pushes charge into the page. The induced 
emf produces a current / = £/R- B/vcosd/R , where we assume that 
significant resistance is present only in the resistor. Because current in 
the bar travels into the page, and the field is downward, a magnetic 
force acts on the bar to the left: its magnitude is F =I£B sin90.0° =I£B = 
B 2 £ 2 VcosO/R . In the free-body diagram shown in ANS. FIG. P31.31(b), 
it is convenient to use a coordinate system with axes vertical and 
horizontal. The force relationships are 

XF x =-F +n sin0 =0 -a risind =F =B 2 / 2 vcosO/R 
'ZFy =-mg +ncosG =0 ncosO =mg 
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P31.33 


Dividing the first by the second equation, we get 

pfsinO _ B 2 / 2 vcos6/R 
prc os6> mg 

From Example 31.4, the magnitude of the emf is 


|£| 



|£| — 124.1 V| 


mgR sind 

B 2 / 2 cos 2 6 


A free positive charge q, represented in our version of the diagram, 
turning with the disk, feels a magnetic force Cjv x B *€!} 

radially 

inward. Thus the outer contact is | negative | . 



P31.34 (a) The motional emf induced in the bar must be £ = IR r where / is 

the current in this series circuit. Since £ = Btv, the speed of the 
moving bar must be 

= £ JK _(8.50xlQ-*A)(9.00fl) =f — 

Bt Be (0.300 T)(0.350m) ^- 

(b) The flux through the closed loop formed by the rails, the bar, and 
the resistor is directed into the page and is increasing in 
magnitude. To oppose this change in flux, the current must flow 
in a manner so as to produce flux out of the page through the area 
enclosed by the loop. This means the current will flow 
| counterclockwise] • 
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P31.35 


(c) The rate at which energy is delivered to the resistor is 
p =l 2 R =(8.50xlCT 3 A) 2 (9.00 Q) 

=6.50 xlO" 4 W = 10.650 mW | 


(d) 


Work is being done by the external force, which is transformed 
into internal energy in the resistor. 


The speed of waves on the wire is 


]fp {3. 


267 N 


y 3.00 x 10“ 3 kg/m 
In the simplest standing-wave vibration state, 
X 


=298 m/s 


d NN = 0.64 m = - 


>A = 1.28 m 


and 


f=- 

X 


298 m/s 
1.28 m 


= 233 Hz 


(a) The changing flux of magnetic field through the circuit containing 
the wire will drive current to the left in the wire as it moves up 
and to the right as it moves down. The emf will have this same 
frequency of | 233 Hz | . 

(b) The vertical coordinate of the center of the wire is described by 

x = A cosoot = A cos2n ft 


Its velocity is V = — = -2n fA sin2 n ft. 

dt 

Its maximum speed is u max = 2 nfA . 

The induced emf is £ = -B£v, with amplitude 
£ max =B£v max =B12 k fA 

=(4.50xlO’ 3 t)( 0.0200 m)27r(233 Hz)(0.015 0 m) 
=1.98xlO' 3 V = |l.98 mV| 
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P31.36 


(a) The force on the side of the coil entering 
the field (consisting of N wires) is 

F =N [ILB) =N (IwB) 

The induced emf in the coil is 

|£| =N ^ =N d i E ^ x l =NBwv 
at at 

.. . |£| NBwv 

so the current is / = — =- 

R R 

counterclockwise. 

The force on the leading side of the coil 
is then: 


F = N 


NBwv) _ 

- \wB 

R ) 


N 2 B 2 w 2 v 

R 


to the left 



(b) Once the coil is entirely inside the field, 
O s = NBA = constant 


so £ = 0, / = 0, and F = [gf. 

(c) As the coil starts to leave the field, the flux decreases at the rate 
Bwv, so the magnitude of the current is the same as in part (a), but 
now the current is clockwise. Thus, the force exerted on the 
trailing side of the coil is: 


F = 


N 2 B 2 w 2 v 


to the left again 


P31.37 The emfs induced in the rods are proportional to the lengths of the 
sections of the rods between the rails. The emfs are £ 1 = Btv x with 
positive end downward, and £ 2 = B£v 2 with positive end upward, 
where £ = d = 10.0 cm is the distance between the rails. 

We apply Kirchhoff's laws. We assume current / 1 travels downward in 
the left rod, current / 2 travels upward in the right rod, and current / 3 
travels upward in the resisitor R 3 . 


For the left loop. 

4£W 1 -/ 1 F 1 -/ 3 F3 =0 

[1] 

For the right loop. 

+B£v 2 -I 2 R 2 +I 3 R 3 =0 

[2] 

At the top junction, / 

l = / 2 + / 3 

[3] 
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P31.38 


Substituting [3] into [1] gives 

B£v 1 -l l Ri~l 3 R 3 = 0 

Bfv I -(l 2 +l 3 )R I -l 3 R,=0 

l 2 R l +l 3 (R I +R 3 )=Btv 1 [4] 


Now using [2] and [4] to solve for / 2 , 

i _ Biv i +I 3 R s _ Blv i ~ h ( R 1 +R 3 ) 

2 ~R 2 r| 


then equating gives 

[Blv 2 +I 3 R 3 )R 1 =\_B£v 1 -l 3 (R 1 +R 3 )]R 2 
/ 3 [R 3 R 1 +(R 1 +rJR 2 ] =Btv 1 R 2 -B?v 2 R 1 


Solving for 13 gives 


/ 3 = fi £- 


(v.R.-v.R,) 


R 3 R 2 +R,R, +R 2 R, 


Substituting numerical values, and noting that 
R,R 2 +R 2 R 3 +R 2 R 3 =(l0.0 £l)(l5.0 Ll) 

+(10.0 O)(5.00 +(15.0 Q)(5.00 O) 

=275 Q 2 


we obtain 

l 3 =(0.010 0 T)(0.100 m) 

[(4.00 m/s)(l5.0 Q)-(2.00 m/s)(l0.0 Q)] 
X 275 i f 

=1.45 xlO" 4 A 


Therefore, 1 3 = | 145 fjA upward in the picture | , as was originally 
chosen. 

(a) The induced emf is £ = Biv, where B is the magnitude of the 
component of the magnetic field perpendicular to the tether, 
which, in this case, is the vertical component of the Earth's 
magnetic field at this location: 

£ 1.17 V 

Vertical ~ B ± “( 25 Q m)(7.80 x 10 3 m/s) 

=6.00 x!0~ 6 T = |6.00 /if] 
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(b) 


(c) 


Section 31.4 Induced emf and Electric Fields 

P31.39 Point P 1 lies outside the region of the uniform magnetic field. The rate 
of change of the field, in teslas per second, is 

^ =4(2.00^ - 4-OOt 2 +0.800) =6.00t 2 - 8.00t 

dr dr 

where t is in seconds. At t = 2.00 s, we see that the field is increasing: 
dB 

— =6.00(2.00) 2 - 8.00(2.00) =8.00 T/s 


Yes. The magnitude and direction of the Earth's field varies 
from one location to the other, so the induced voltage in the 
wire changes. Furthermore, the voltage will change if the tether 
cord or its velocity changes their orientations relative to the 
Earth's field. 

Either the long dimension of the tether or the velocity vector 
could be parallel to the magnetic field at some instant. 



ANS. FIG. P31.39 

The magnetic flux is increasing into the page; therefore, by the right- 
hand rule (see figure), the induced electric field lines are counter¬ 
clockwise. [Also, if a conductor of radius r 1 were placed concentric 
with the field region, by Lenz's law, the induced current would be 
counterclockwise. Therefore, the direction of the induced electric field 
lines are counterclockwise.] The electric field at point P 1 is tangent to 
the electric field line passing through it. 

(a) The magnitude of the electric field is (refer to Section 31.4 and 
Equation 31.8) 

PI =~=^(6.00e-8.00t) 

_ 0.050 0 [ 600 ( 200 )2 _ g 0Q ( 2 00 )j =Q 20Q N/c 
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The magnitude of the force on the electron is 

F=c£=eE=( 1.60 x 1(T 19 c)(0.200 N/C) = |3.20xl(T 2Q n| 

(b) Because the electron holds a negative charge, the direction of the 
force is opposite to the field direction. The force is [tangent to the] 
^lectric field line passing through at point P , and clockwise.) 

(c) The force is zero when the rate of change of the magnetic field is 
zero: 


— = 6.00t 2 -8.00t=0^ 

dt 


t=[0]ort = 


8.00 

6.00 


|1.33 s| 


P31.40 Point P 2 lies inside the region of the uniform magnetic field. The rate of 
change of the field, in teslas per second, is 

^ =^(0.030 Of 2 +1.40) =0.060 Ot 

where t is in seconds. At t = 3.00 s, we see that the field is increasing: 
dB 

— =0.060 0(3.00) =0.180 T/s 



ANS. FIG. P31.40 


The magnetic flux is increasing into the page; therefore, by the right- 
hand rule (see figure), the induced electric field lines are 
counterclockwise. The electric field at point P 2 is tangent to the electric 
field line passing through it. 

(a) The situation is similar to that of Example 31.7. 


it-di =- 


d® B 

dt 

cft> R 


dt dt 

R 2 

£=-—(0.060 Ot) 


dt 
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For r = r 2 = 0.020 0 m, 

R 2 

jiff =—(0.060 0 1) 

= (0.025 Om) r 0(3.00)1 =|2.81xl0- 3 N/C| 

2(0.020 0m) L ' /J 1 - 1 

(b) The field is [tangent to the electric field line passing through at| 
[point P 2 and counterclockwise) . 

P31.41 A problem similar to this is discussed in Example 31.7. 

(a) <j)E • di = where O e =BA =p l} nl [nr 2 ) 

2nrE=p 0 n[nr 2 )^ 

In rE =p 0 n[nr 2 )-^-[5.00sml00nt) 
at 

=p 0 n(nr 2 )[5.00)[l00n)cosl00nt 
Solving for the electric field gives 

E _ PQn[nr 2 )(5.00)(100tt )(cos lOO^t) 

2 nr 

=250p 0 nnrcosl00nt 

Substituting numerical values and suppressing units, 

E =250(4 n x 10" 7 )(l.00 x 10 3 )n (0.0100)cosl00^t 
=(9.87xl0- 3 )cosl007rt 

E = 9.87 cos 1007rt where E is in 
millivolts/meter and t is in seconds. 

(b) If a viewer looks at the solenoid along its axis, and if the current is 
increasing in the counterclockwise direction, the magnetic flux is 
increasing toward the viewer; the electric field always opposes 
increasing magnetic flux; therefore, by the right-hand rule, the 
electric field lines are | clockwise |. 
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Section 31.5 Generators and Motors 


P31.42 


(a) 


Use Equation 31.11, where B is the horizontal component of the 
magnetic field because the coil rotates about a vertical axis: 


=NB horizontal Aco 

=100(2.00xHT 5 t)( 0.200 m) 2 


rev V 2k rad V1 min^ 


min A 1 rev A 60 s ) 


=1.26 xl0“ 2 V = 12.6 mV 


(b) Maximum emf occurs when the magnetic flux through the coil is 
changing the fastest. This occurs at the moment when the flux is 


zero, which is 

when the plane of the coil is parallel to the 

[magnetic field 



P31.43 The emf induced in a rotating coil is directly proportional to the 
angular speed of the coil. Thus, 


£2 = «2 

£ 1 ft). 


P31.44 


or 


£ 2 


f ©A ( 500 rev/mhA 
[ 0 ) 1 J 1 [ 900 rev/min J 


(24.0 V) = |13.3 V| 


The induced emf is proportional to the number of turns and the 
angular speed. 

(a) Doubling the number of turns has this effect: 

[Amplitude doubles and period is unchanged | 



ANS FIG. P31.44 


(b) Doubling the angular velocity has this effect: 

| doubles the amplitude and cuts the period in half | 

(c) Doubling the angular velocity while reducing the number of 
turns to one half the original value has this effect: 

[Amplitude unchanged and period is cut in half | 
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P31.45 For the alternator, 

co =(3 000 rev/min ^ ra ^ j^ j = 314 rad/s 

so 

£ =-N^ ^ISO^lSOxlO^costeUt)] 

=+250 (2.50 xl0- 4 )(314)sin(314t) 

(a) £ =19.6 sin (314t) where £ is in volts and t is in seconds. 

(b) | £ max = 19.6 Vj 

P31.46 Think of the semicircular conductor as enclosing half a coil of area 

A - ^nR 2 . There is no emf induced in the conductor until the magnetic 

flux through the area of the coil begins to change. The conductor is in 
the field region for only half a turn, so the flux changes over half a 

period ^-7=-^—j = —. If we consider t = 0 to correspond to the time 

when the conductor is in the position shown in Figure P31.46 of the 
textbook, then there is no change in flux for a quarter of a turn, from t = 
0 to t = n/2co , then the flux has a periodic behavior 

O b = A B cos cot = R 2 B cos cot for a half a turn, from t=n/2co to 

t = 2>Jt/2co , then there is no change in flux for the final quarter of a turn, 
from t = 3n/2co to t = 2n/co , at the end of which the coil has returned to 
its starting position. While in the field region, the induced emf is 

£ = = --nR 2 B^-coscot= — n R 2 co B sin cot = £ max sin cot 

dt 2 dt 2 

(a) The maximum emf is 

£ max =^omR 2 B 

= |1.60 V| 

(b) During the time period that the coil travels in the field region, the 
emf varies as £ max sin cot for half a period, from +£ max , at 

t= k/2co , to -£ max , at t= 3n/2co ; therefore, the average emf is 
[zero| . 
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(c) The flux could also be written as O b = ^7tR 2 B cos cot so that it is a 

maximum at t = 0, but, in this case, the time period over which 
the flux changes would be from t = 0 to t = In/co , and the 
amplitude of the emf and its average would be the same as in the 
previous case; therefore, | no change in either answer | . 

(d) The graph is 



ANS. FIG. P31.46(d) 

(e) If the time axis is chose so that the maximum emf occurs at the 
same time as it does in the figure of part (d) the graph is 



ANS. FIG. P31.46(e) 

P31.47 The magnetic field of the solenoid is given by 

6 =jU 0 n/ =(4^xl0" 7 T m/A)(200 m _1 )(l5.0 A) 

=3.77 xl(T 3 T 

For the small coil, <J> e =A/B ■ A =NBA cos co t —NB[k r 2 ) cos cot 

Thus, £ = ^ = NBn r 2 cosincot 

dr 

Substituting numerical values, 

£ =(30.0)(3.77xlCT 3 t)tt( 0.0800 m) 2 (4.007T s 1 )sin(4.00 tt t) 
=1 (28.6 mV)sin (4.00 tt t) I 
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P31.48 


P31.49 


To analyze the actual circuit, we model it as the lower circuit diagram 
inANS.FIG.P31.48. 

(a) Kirchhoff's loop rule gives 

+120 V-(0.850 A)(11.8 Q)-£ back =0 

-> e h,A = 1 no v 



ANS. FIG. P31.48 


(b) The resistor is the device changing electrical work input into 
internal energy: 

p —l 2 R =(0.850 A) 2 (11.8 Q) = | 8.53 W | 

(c) With no motion, the motor does not function as a generator, and 
£ back = 0 • Then 

120 V- / c (ll.8 £2) =0 l c =10.2 A 
p c =l 2 c R =(10.2 A) 2 (11.8 £2) = | 1.22 kW | 

(a) The flux through the loop is 

O s =BA cos 6 —BA cos co t 

=(0.800 T)(0.010 0 m 2 )cos2^(60.0)t 
= (8.00 mT m 2 )cos(3771) 

(b) £ (3.02 V)sin(377t) I 

at 1 - 1 

(c) / =| = | (3.02 A)sin(377t) | 

(d) P =I 2 R = | (9.10 W)sin 2 (377f) | 

(e) P = Fv= tco so t =- =1 (24.1 mN ■ m)sin 2 (377t) I 

co ' - 1 
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Section 31.6 Eddy Currents 

P31.50 The current in the magnet creates an upward magnetic field, so 

the N and S poles on the solenoid core are shown correctly. On the rail 
in front of the brake, the upward flux of B increases as the coil 
approaches, so a current is induced here to create a downward 


magnetic field. This is 


clockwise current, so the S pole on the 


rail is shown correctly. On the rail behind the brake, the upward 
magnetic flux is decreasing. The induced current in the rail will 

produce upward magnetic field by being counterclockwise as the 
picture correctly shows. 


Additional Problems 

*P31.51 (a) From Faraday's law of induction, 

=7t( 0.060 0 m) 2 (l.00xl0 4 T/s) 

= \n3V\ 

(b) From Section 31.4, the electric field induced along the 
circumference of the circular area is given by 

E= — = --= 1300 V/m| 

2k r 2tt( 0.060 0 m) 1 - 1 

*P31.52 Suppose we wrap twenty turns of wire into a flat compact circular coil 
of diameter 3 cm. Suppose we use a bar magnet to produce field 
1CT 3 T through the coil in one direction along its axis. Suppose we then 
flip the magnet to reverse the flux in 10” 1 s. The average induced emf is 
then 


£ =-N - 


A[BAcos0] 


At At 

£ =-(20)(l0“ 3 T)7r(0.0150 m) 2 1 


-A/S(^r 2 )(- 


cos 180 ° - cos 0° 


-2 

10- 1 5 


- hr 4 v 
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*P31.53 


P31.54 


P31.55 


The magnitude of the average emf is given by 

|p| =i\i l^el _ NB A{ Acosf| > • 

1 1 At At 

_ 200(1.1 T)(l00xl0~ 4 m 2 )|cosl80 0 -cos0°| _ 
0.10 s 

The average current induced in the coil is therefore 


(a) 


( = H = 44V^K|j 

R 5.0 Q. 1 - 1 

If the magnetic field were increasing, the flux would be increasing 
out of the page, so the induced current would tend to oppose the 
increase by generating a field into the page. The direction of such 
a current would be clockwise. This is the case here, so the field is 
[increasing]. 


(b) 


The normal to the enclosed area can be taken to be parallel to the 
magnetic field, so the flux through the loop is 
O e =6/4cos0.00° =BA 
The rate of change of the flux is 
C*t> £ 

dt 

and the induced emf is 


—Aba coso.oo 0 ) =a —— 
dt dt 


|e|=|-^»! 


In .dB 2 dB 
,R = A * = ^* 


Therefore, 

dB _IR _(2.50xl0~ 3 a)(0.500 Q.) 

~dt~nr I 7T (0.080 0 m) 2 
=0.062 2 T/s 
= |62.2 mT/s] 

The emf through the hoop is given by 

£ =-A^- =-0.16o4(o.350e t/2 °°) 

dt dt dt 

Jl.6O)(O.35O) c _ t/2o0 

200 

where £ is in volts and t in seconds. For t = 4.00 s, 

(0.160m 2 )(0.350 T) ,-, 

£ ='- ’ - 0-4-00/2.00 I 3 79 mV 

o on c 1 - 1 
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P31.56 The emf through the hoop is given by 


d® R 


- A ^ = . A d {B v , 

dt dt ' “ 


£ =-N-(BAcosO)=-N (nr 2 )cosO ^ 
=-l(0.005 00 m 2 )<!)( 


AS 
At 

1.50 T-5.00 T ^j 

20.0 x!0“ 3 s J 


e_ 0.875 V = ^ X1 
R 0.020 0 Q «- 1 


(b) P =£1 =(0.875 V)(43.8 A) = | 38.3 W | 


P31.58 


(a) 


Motional emf produces a current / = — 


Bev 

R 


(b) [Particle in equilibrium| 

(c) The circuit encloses increasing flux of magnetic field into the 
page, so it tries to make its own field out of the page, by carrying 
counterclockwise current. The current flows upward in the bar, so 
the magnetic field produces a backward magnetic force F B = / iB 
(to the left) on the bar. This force increases until the bar has 
reached a speed when the backward force balances the applied 
force F: 


F =F k =1 (B =- (B £B =— 

R R R 

_ FR (0.600 N)(48.0 Q) 


(0.400 T) 2 (0.800 m) 


= 281 m/s 


(d) / 


(e) P =I 2 R = 


£ BCv BV. FR 


0.600 N 


" R B 2 i 2 Bl (0.400 T)(0.800 m) 


0.600 N 

(0.400 T)(0.800 m] 


(48.0 f2) ^69 W| 


(f) p =Fv=F 


FR _F 2 R _ (0.600 N) 2 (48.0 Q) 
B 2 .e 2 B 2 e 2 (0.400 T) 2 ( 0.800 m) 2 


= | 169 W| 


(g) | Yes. | 

(h) [increase] because the speed is proportional to the resistance, as 
shown in part (c). 
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(i) jgg 

(j) | Larger | because the speed is greater. 

P31.59 £ =-N^-[BAc os0) =-N f^r 2 )cos0°| ^ | 

dr v dr y 

8 =-(30.0)[tt (2.70x 10" 3 ) 2 ](l) 

x-^[50.0xl0' 3 +(3.20xl0“ 3 )sin(l 046 jet)] 

8 =— (30.0)[tt (2.70x 10~ 3 ) 2 J[(3.20x 10~ 3 )(l 046tt)cos(1 046jrt)] 

=- (7.22 x 10" 3 )cos(l 046^f) 


P31.60 


1 8 =-7.22 cos (l 046;rt) where £ is in millivolts and t is in seconds. I 


Model the loop as a particle under a net force. The two forces on the 
loop are the gravitational force in the downward direction and the 
magnetic force in the upward direction. The magnetic force arises from 
the current generated in the loop due to the motion of its lower edge 
through the magnetic field. As the loop falls, the motional emf 
8 = Bwv induced in the bottom side of the loop produces a current 
/ = Bwv/R in the loop. From Newton's second law. 


£F y = ma y -> F £ 

\wB - M g = M a i 




F g = M a y -> IwB - M g = M a y 
B 2 w 2 v 


MR 


The largest possible value of v, the terminal speed v T/ will occur when 
a y = 0. Set a y = 0 and solve for the terminal speed: 


e 2 wV T 

MR 


9= 0 


V T 


MgR 

ev 


Substituting numerical values. 




(O.IOO kg)(9.80 m/s 2 )(l.00 Q) 
(1.00 T) 2 (0.500 m) 2 


= 3.92 m/s 


This is the highest speed the loop can have while the upper edge is 
above the field, so it cannot possibly be moving at 4.00 m/s. 

P31.61 For a counterclockwise trip around the left-hand loop, with B = At, 
^[/\t(2a ? )cosO°]-/ 1 (5R)-/ PO R =0 
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P31.62 


P31.63 


and for the right-hand loop. 



^[Ata‘]+l PO R-l2(3R)=0 

where 

Ipq = 1 1 - / 2 is the upward current in Q P . 

Thus, 

2 A^-5R[i pq +I 2 )~I pq R =0 

and 

Ac f +I P0 R =l 2 (3/R) 


2A^-6RI po -^(a^ +1 pq R) =0 

solving. 

'p° = ^ upward 


and since R =(0.100 Q/m)(0.650 m) =0.650 0 Q., 


(l.OOxKT 3 T/s)(0.650 m) 2 .-. 

I pn =- __ /_\ -=| 283 H A upward^ 


23(0.065 0 Q) 
P 



(a) / = ^ = f Where£ = _A/ ^ S ° 

and the charge passing any point in the circuit will be 


2 a Q a 

ANS. FIG. P31.61 
cti> R 


id -«■,)• 


(b) 0 = — 6/1 cos 0-6/4 cos | 


n\\_BAN 
2jf R 


RO 200 Q 5.00 xlO^C ,-. 

so B =T7 T =-l -H 7T = 0- 2 50 T 

NA 100 40.0 xlO^m 2 1 - 1 


The emf induced between the ends of the moving bar is 
S =Blv={ 2.50 T)(0.350 m)(8.00 m/s) =7.00 V 
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The left-hand loop contains decreasing flux away from you, so the 
induced current in it will be " clockwise, to produce its own field 

directed away from you. Let 1 1 represent the current flowing upward 
through the 2.00-0 resistor. The right-hand loop will carry 
counterclockwise current. Let / 3 be the upward current in the 5.00-0 
resistor. 

(a) Kirchhoff's loop rule then gives: 

+7.00 V - /j (2.00 O) = 0 or = | 3.50 A | 

and +7.00 V-/ 3 (5.00 O) = 0 or / 3 = | 1.40 A | 

(b) The total power converted in the resistors of the circuit is 

P =£1 1 +£l 3 =£(l, +/ 3 ) =(7.00 V)(3.50 A +1.40 A) 

= | 34.3 W | 

(c) M ethod 1 : The current in the sliding conductor is downward with 
value / 2 = 3.50 A + 1.40 A = 4.90 A. The magnetic field exerts a 
force of F m =UB =(4.90 A)(0.350 m)(2.50 T) =4.29 N directed 



toward the right on this conductor. An outside agent must 


then exert a force of | 4.29 N | to the left to keep the bar moving. 


M ethod 2: The agent moving the bar must supply the power 
according to P =F ■ v =Fvc os0°. The force required is then: 


P _ 34.3 W 
v 8.00 m/s 


= | 4.29 N | 


P31.64 The enclosed flux is O b = BA- Bn r 2 . The particle moves according to 



(a) 



=| 2.54 x10 s m/s 
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(b) Energy for the particle-electric field system is conserved in the 
firing process: 

U i = K f : qAV =^mv 2 

From which we obtain 


mv 2 2xlCT 16 kg 2.54x10 s m/s .-. 

AV =— = y - -- - —v-— = 215 V 

2 q 2(30 xl(T 9 C) 1 - 1 

P31.65 The normal to the loop is horizontally north, at 35.0° to the magnetic 
field. We assume that 0.500 Q is the total resistance around the circuit, 
including the ammeter. 

=4jd(BAcos@)=-*f^T dA 

R R A=d 

q_ recose^f 2 " 0 _Bcosda i 

L R J R 

_ (35-OxIQ- 6 T)( cos35.0°)(0.200 m) 2 
0.500 Q 

= [~2.29 x 10~ 6 C| 

P31.66 (a) To find the induced current, we first compute the induced emf, 

S =B£v=[ 0.0800 T)(l.50 m)(3.00 m/s) =0.360 V. 


Then, 

!_£ _ 0-360 V 
~ R~ 0.400 Q 


0.900 A | 


(b) The applied force must balance the magnetic force 

F =F b =I£B 

=(0.900 A)(l.50 m)(0.0800 T) = | 0.108 N | 



ANS. FIG. P31.66 
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*P31.67 


(c) Since the magnetic flux B ■ A between the axle and the resistor is 
in effect decreasing, the induced current is clockwise so that it 
produces a downward magnetic field to oppose the decrease in 
flux: thus, current flows through R from b to a. | Point b | is at the 
higher potential. 

(d) | No | . Magnetic flux will increase through a loop between the 
axle and the resistor to the left of ab. Here counterclockwise 
current will flow to produce an upward magnetic field to oppose 
the increase in flux. The current in R is still from b to a. 


(a) From Equation 31.3, the emf induced in the loop is given by 
2 


£ =-N ^-BAcosO =-l-^J B^-c os0‘ 
at at\ 


Ber do 1 _ , 

=-- =—6a 2 oj 

2 dt 2 


Substituting numerical values, 

£ =-1(0.500 T)(0.500 m) 2 (2.00 rad/s) 

=-0.125 V 4&M : V clockwise | 

The minus sign indicates that the induced emf produces 
clockwise current, to make its own magnetic field into the page. 

(b) At this instant, 

0 =cot=( 2.00 rad/s)(0.250 s) =0.500 rad 
The arc PQ has length 

rd =(0.500 rad)(0.500 m) =0.250 m 


The length of the circuit is 

0.500 m + 0.500 m + 0.250 m = 1.25 m 
Its resistance is 

(1.25 m)(5.00 Q/m) =6.25 Q 
The current is then 


£ 0 125 V i- 

I = — = — -= 0.020 0 A clockwise 

R 6.25 Q I- 
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At a distance r from wire, B =-^L _ Using £ = Btv, we find that 

2 nr 5 


lei 


Ml 

2k r 



ANS. FIG. P31.68 


P31.69 


(a) 


We use £ = -N --, with N = 1. 

At 


Taking a = 5.00 x 10“ 3 m to be the radius of the washer, and h = 
0.500 m, the change in flux through the washer from the time it is 
released until it hits the tabletop is 


= jWf 1 _ i) = zMl 

2 {h+a a) 2 [h+a) 


The time for the washer to drop a distance h (from rest) is: 

l2h 

A t= — . Therefore, 

V 3 


AOg _ u,3hl _ I^ahl f][ fj 0 al fgh 
At 2[h+a)At 2(h+a)\2h 2(h+a)\ 2 


Substituting numerical values, 

^_(4^xl0“ 7 T m/A)(5.00xl0“ 3 m)(l0.0 A) 

£ 2(0.500 m+0.005 00 m) 

/(9.80 m /s 2 )(0.500 m) 
X \ 2 

= [~97.4 nV | 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly; 


sible website, in whole or in part. 

















Chapter 31 455 


P31.70 


P31.71 


(b) Since the magnetic flux going through the washer (into the plane 
of the page in the figure) is decreasing in time, a current will form 
in the washer so as to oppose that decrease. To oppose the 
decrease, the magnetic field from the induced current also must 
point into the plane of the page. Therefore, the current will flow 
in a I clockwise direction I. 


(a) 

(b) 


We would need to know whether the field 
decreasing. 

To find the resistance at maximum power, 

. dB 


P =£1 = 


I N ^—ni^cosO 0 

or 


is increasing or 
we note that 


Solving for the resistance then gives 

_[220(0.020 T/s)tt( 0.120 m) 2 ] 2 _ 




160 W 


248 jUQ 


(c) [Higher resistance would reduce the power delivered. | 


Let 0 represent the angle between the perpendicular to the coil and 
the magnetic field. Then Q = 0 at t = 0 and 6 = cot at all later times. 

(a) The emf induced in the coil is given by 

£ =-N --{BA cos 6) =-NBA -^-(cos cot) =+NBA co sin cot 

at at 

The maximum value of sin0 is 1, so the maximum voltage is 
£ max =NBAco =(60)(1.00 T)(0.020 0 m 2 )(30.0 rad/s) 
= |36.0 V| 

(b) The rate of change of magnetic flux is 

=^-[BAcosO)=-BA(osmoot 

at at 


The minimum value of sin0 is -1, so the maximum of ctt> B /dt is 


^I = +BAco =(1.00 T)(0.020 0 m 2 )(30.0 rad/s) 

at J max 

=|~(k600 T-m 2 /s| 
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P31.72 


P31.73 


(c) At t = 0.050 0 s, 

£ =NBA(o sin cot =(36.0 V) sin [(30.0 rad/s)(0.050 0 s)] 
=(36.0 V)sin (1.50 rad) =(36.0 V)(sin 85.9°) = |35.9 V| 

(d) The emf is maximum when 6 = 90°, and f = Jj x B, so 

AB 

t = juS sin90° =NIAB = N£ — 

™ x R 

and = (60)(36.0 v) (°- 020 0 m2 )(l-°° T ) = | 4 . 3 2N-m| 

max v A ' io.oq — 1 


The emf induced in the loop is 

£=-SL(NBA)=- lf^W =n a 1 K 
dt y dt) 


(a) The charge on the fully-charged capacitor is 

Q = C£ = | OraF/cJ 

(b) B into the paper is decreasing; therefore, current will attempt to 
counteract this by producing a magnetic field into the page to 
oppose the decrease in flux. To do this, the current must be 
clockwise, so positive charge will go to the | upper plate |. 


(c) 


The changing magnetic field through the enclosed area of the 
loop induces a clockwise electric field within the loop, and this 
causes electric force to push on charges in the wire. 


(a) The time interval required for the coil to move distance £ and exit 
the field is At = l/v, where V is the constant speed of the coil. 

Since the speed of the coil is constant, the flux through the area 
enclosed by the coil decreases at a constant rate. Thus, the 
instantaneous induced emf is the same as the average emf over 
the interval At, or 


AO 

£=-N — =-N 
At 


(0 -BA) 
t-0 


=N 


Bf _NBf 
t ~ l/v 


={NB£v\ 


(b) The current induced in the coil is 


£ _ NBfiv 
R~ R 
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(c) The power delivered to the coil is given by P = l z R , or 

p= pwq R= 

(d) The rate that the applied force does work must equal the power 
delivered to the coil, so F app v = P or 

P N 2 BW/R 


(e) As the coil is emerging from the field, the flux through the area it 
encloses is directed into the page and decreasing in magnitude. 
Thus, the change in the flux through the coil is directed out of the 
page. The induced current must then flow around the coil in such 
a direction as to produce flux into the page through the enclosed 
area, opposing the change that is occurring. This means that the 
current must flow clockwise] around the coil. 

(f) As the coil is emerging from the field, the left side of the coil is 
carrying an induced current directed toward the top of the page 
through a magnetic field that is directed into the page. By the 
right-hand rule, this side of the coil will experience a magnetic 
force [directed to the left! , opposing the motion of the coil. 

P31.74 The magnetic field at a distance X from wire is 

s=A- 

2 KX 

The emf induced in an element in the bar of length dx is \d£\ = Bvdx. 

The total emf induced along the entire length of the bar is then 

Id =1 Bvdx =7 vdx =fs l X r \ — JUXtjT 

; i 2nx 2n J r x In \ r 

|£|=—Inf— 

11 lit \ r 

,t|-J 

|UX"T3 

ANS. FIG. P31.74 


N 2 B 2 fv 

R 


N 2 B 2 tW 

R 
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P31.75 


P31.76 


P31.77 


We are given 

<J> fi =(6.00^-18.0^) 

Thus, 

cfe, 


£ =— 


■18.0 f +36.0 1 




Maximum £ occurs when — =-36.0t+36.0 =0, which gives t = 1.00 s. 

dt 

Therefore, the maximum current (at t = 1.00 s) is 
= £ J-18.0 +36.0 

R 3.00 Q 

The magnetic field at a distance X from a long wire is B = ~~ ■ We 

find an expression for the flux through the loop. 

d® B =JiL(fdx) 

B 2 nx X ' 

so 

B 2k \ x 2k \ 


Therefore, 


cfi> B _/J 0 ltv w 
dt 2k r ( r+w) 


IJpIlv w 


2 KRr[r+w) 


The magnetic field produced by the current in the 
straight wire is perpendicular to the plane of the 
coil at all points within the coil. At a distance r 
from the wire, the magnitude of the field is 

B =-Ol~ . Thus, the flux through an element of 
2k r 6 

length L and width dr is 


r► 

t 


r 

1 

T 


w 

. .. 

1 

|--L-- 



d® R =BLdr 


= UjLdr 
2k r 

The total flux through the coil is 


ANS. FIG. P31.77 


jfjUJ* =! V Jm LJ H±E) sin ( wt+ 4,) 

8 2 1 { r In I ft J Tl 
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Finally, the induced emf is 


£ =-N 


dt 




(hrxlO 7 T m/A)(l00)(50.0 A)(0.200 m)(20 Ott rad/s) 


xln 1+- 


0.050 Om'j 


0.050 0 my 


o t +0) 


£ = | -87.1 cos (200^: f -Uj)) | , where £ is in millivolts and 
t is in seconds 

The term sin (cot +(/)) in the expression for the current in the straight 
wire does not change appreciably when cot changes by 0.10 rad or less. 
Thus, the current does not change appreciably during a time interval 

At < / 0-10 =1.6x KT 4 s 

(200tt s _1 ) 

We define a critical length, 

cAt =(3.00xlO 8 m/slfl^xlO -4 s) =4.8xlO 4 m 


equal to the distance to which field changes could be propagated 
during an interval of 1.6 x 10” 4 s. This length is so much larger than any 
dimension of the coil or its distance from the wire that, although we 
consider the straight wire to be infinitely long, we can also safely 
ignore the field propagation effects in the vicinity of the coil. 

Moreover, the phase angle can be considered to be constant along the 
wire in the vicinity of the coil. 

If the angular frequency co were much larger, say, 200;r x 10 5 s” 1 , the 
corresponding critical length would be only 48 cm. In this situation 
propagation effects would be important and the above expression for 
£ would require modification. As a general rule we can consider field 
propagation effects for circuits of laboratory size to be negligible for 

frequencies, f=^~, that are less than about 10 6 Hz. 
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P31.78 


(a) The induced emf is £ = Biv, where B — , £ - 0.800, 

7 2 ny 

v f = v, + gt = 9.80 t, and y =y f =y, - ^ gt 2 =0.800 - (4.90 jt 2 where / 

is in amperes, £ and y are in meters, V is in meters per second, 
and t in seconds. 

Thus, 


£ 


(4^x10“ 7 )(200) 
’2tt (0.800-4.90 f) 


(0.300)(9.80)t = 


(1.18x10 


0.800-4.901 2 


(b) 

(c) 


where £ is in volts and t in seconds. 

The emf is ^eto| when t = 0. 

As 0.800 - 4.90t 2 —» 0, t —> 0.404 s and the emf diverges to 


[infinity | . 


(d) 


At t = 0.300 s. 


(l.l8xl0“*)(0.300) 
[0.800-4.90 (0.300 ) 2 ] 


V =| 98.3 jUV~| 


Challenge Problems 

P31.79 In the loop on the left, the induced emf is 

|£| =A C ^-=n[ 0.100 m) 2 (l00 T/s) =n V 

dt dt 


and it attempts to produce a counterclockwise current in this loop. 




i 


rj = 0.100 m 

r 2 = 0.150 m 


3.000- 

5.000- 

t 0.500 

Bin 



B o.n 



ANS. FIG. P31.79 
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P31.80 


In the loop on the right, the induced emf is 

|£| =7t( 0.150 m) 2 (lOO T/s) =2.25 tt V 

and it attempts to produce a clockwise current. Assume that 1 1 flows 
down through the 6.00-Q resistor, l 2 flows down through the 5.00-Q 
resistor, and that / 3 flows up through the 3.00-Q resistor. 

From Kirchhoff's junction rule: / 3 = / x + l 2 [1] 

Using the loop rule on the left loop: 6.00/ x + 3.00/ 3 = n [2] 

Using the loop rule on the right loop: 5.00/ 2 + 3.00/ 3 = 2.25;r [3] 

Solving these three equations simultaneously, 

_(tt-3/ 3 ) (2.25tt-3/ 3 ) 

3 ~ M + 5 


which then gives 

/, = | 0.062 3 A~| , l 2 = | 0.860 A | ,and / 3 = | 0.923 A 


(a) 


Consider an annulus of radius r, width dr, thickness b, and 
resistivity p. Around its circumference, a voltage is induced 
according to 


: —-N -^-B-A =-(l) ^-B m (coscot) nr 2 =3B max n r 2 co sin cot 
at L at J 


The resistance around the loop is — = / ? (^ 7rr ) ph e eddy current 
F dA bdr y 

in the ring is 

_ B max /r r 2 C 0 (sin cot) _ B max rbco sin cot , 


resistance p(2nr)/bdr 


2 P 


The instantaneous power is 

, rt B 2 nr 3 txo 2 sin 2 cot , 

dP = sdl = - dr 

2 P 


The time average of the function sin 2 cot= ^ - ^cos2(y t is 
i - 0 = ^, so the time-averaged power delivered to the annulus is 
= B 2 nr 3 txo 2 , 

dp _ max- dr 

4 P 
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P31.81 


The average power delivered to the disk is 


p = JcP = J- 


-r 3 dr 


P = 


B 2 max nbor 
4 P 


4 P 


S-i- 


nBlR^txo 2 


16 p 


(b) When 8 max doubles, 6^ ax and P become [~4^ times larger. 

(c) When f doubles, co = 2n f doubles, and co 2 and P become 4 
times larger. 

(d) When R doubles, R 4 and P become 2 4 = | 16 | times larger. 
The current in the rod is 


where 


. = -Bdv, because the induced 


ANS. FIG. P31.81 


— --Bd—: 

dt dt 


emf opposes the emf of the battery. The force 
on the rod is related to the current and the 
velocity: 

F = m— = IBd 
dt 

¥ nT ^ ie-Bvd) 

To solve the differential equation, let U = £- Bvd —> 

^ = ll {e . Bvd) 

dt mR ' 

Bd dt mR J u u i mR 


u (Bd) 2 u B 

Integrating from t = 0 to t = t gives In—=- 1 or — = e 

6 u 0 mfi u 0 

Since V = 0 when t = 0, U 0 = £; substituting u = £ - Bvd gives 
£-Bvd = £e~ B2d2t/mR 


Therefore, 


v=— i-e- sVt / mfi 

Bd y 1 
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P31.82 


Suppose the magnetic field is vertically down. When an electron is 
moving away from you the force on it is in the direction given by 

Cjv x B c as - (away) x (down) = - = - (left) = (right) 

Therefore, the electrons circulate clockwise. 



ANS. FIG. P31.82 

(a) As the downward field increases, an emf is induced to produce 
some current that in turn produces an upward field to oppose the 
increasing downward field. This current is directed jf^ 

counterclockwise, carried by negative electrons moving 
clockwise. Therefore the electric force on the electrons is 
clockwise and the original electron motion speeds up. 

(b) At the circumference, we have 

£F C =ma c |q|\/B c sin90 o =^y- mv =\c^rB c 
where B c is the magnetic field at the circle's circumference. 

The increasing magnetic field in the area enclosed by the orbit 
produces a tangential electric field according to 

Ictl-dgU-^-A 

u 1 | dt | 


E(2nr)=nr^ 


_r dB^ 


Using this expression for E, we find the tangential force on the 
electron: 


ZF t = ma t 


i |, dv 

+ H E=m dF 

, , rc/B,„ dv 

M2^r =m ¥ 
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P31.83 


If the electron starts at rest and increases to final speed v as the 
magnetic field builds from zero to final value B av , then integration 
of the last equation gives 



Thus, from the two expressions for mv, we have 
H^B av =mv = \q\rB c ^6^ = 26, 

For the suspended mass, M : 

J J F=Mg-T=Ma 


For the sliding bar, m: 


£ BLV 


YjF = T -!iB = ma, where / = — = 

R R 

Substituting the expression for current /, the first equation gives us 


B 2 £ 2 V , x 

Mg --— =(m +M )a 


dv Mg B 2 i 2 \/ 


The above equation can be written as 


f t— ~~z —r = f dt where a = 

i(a-pv) i 


dt m+M R (M +m) 


^ and P = 


M +m 


R [M +m) 


Integrating, 


dv 


t(a-pv) 


=)* 


-‘ln(a-/3i/)| =t 


Then, 


[ln(a - /3i/)-ln(a)] =-fit 


Solving for V gives 


(a-pv) _ 


l-l v =ei* 

a 


M 9^ f _ ~-B 2 t 2 t/R(M m)' 

B 2 e L_■ 
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lNSWERS to even-numbered problems 


P31.2 (a) Each coil has a pulse of voltage tending to produce 

counterclockwise current as the projectile approaches, and then a pulse 
of clockwise voltage as the projectile recedes; (b) 625 m/s 

P31.4 +9.82 mV 

P31.6 2.26 mV 

P31.8 160 A 

P31.10 1.89 x 10' 11 V 


P31.12 

P31.14 


^ p () rmr 2 A/ rvtr, 2 A/ 

(a) ~2R~M' (b) 


(c) left 


£ =-(l.42 x 10 2 )cos(l20t), where t is in seconds and £ is in V 


P31.16 £ = 68.2e 160t , where t is in seconds and £ is in mV 

P31.18 (a) See P31.18(a) for full explanation; (b) The emf induced in the coil is 

proportional to the line integral of the magnetic field around the 
circular axis of the toroid. Ampere's law says that this line integral 
depends only on the amount of current the coil encloses. 

P31.20 (a) 0.013 3 A; (b) The current is counterclockwise in the lower loop and 

clockwise in the upper loop. 

P31.22 (a) to the right; (b) out of the page; (c) to the right 

P31.24 (a) 11.8 mV; (b) The wingtip on the pilot's left is positive; (c) no change; 

(d) No. If you try to connect the wings to a circuit containing the light 
bulb, you must run an extra insulated wire along the wing. In a 
uniform field the total emf generated in the one-turn coil is zero. 

P31.26 1.00 m/s 


P31.28 


Rmv 


B 2 f 


P31.30 


P31.32 


The speed of the car is equivalent to about 640 km/h or 400 mi/h, 
much faster than the car could drive on the curvy road and much 
faster than any standard automobile could drive in general. 

mgR sin# 

B 2 fcos 2 6 


P31.34 (a) 0.729 m/s; (b) counterclockwise; (c) 0.650 mW; (d) Work is being 

done by the external force, which is transformed into internal energy 
in the resistor. 
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N 2 B 2 w 1 v N 2 B 2 w 2 v 

P31.36 (a) r to the left; (b) 0; (c) r to the left again 

P31.38 (a) 6.00 jL/T; (b) Yes. The magnitude and direction of the Earth's field 

varies from one location to the other, so the induced voltage in the 
wire changes. Furthermore, the voltage will change if the tether cord or 
its velocity changes their orientation relative to the Earth's field; 

(c) Either the long dimension of the tether or the velocity vector could 
be parallel to the magnetic field at some instant. 

P31.40 (a) 2.81 x 10” 3 N/C; (b) tangent to the electric field line passing through 

at point P 2 and counterclockwise 

P31.42 (a) 12.6 mV; (b) when the plane of the coil is parallel to the magnetic 

field 

P31.44 (a) amplitude doubles and period is unchanged; (b) doubles the 

amplitude and cuts the period in half; (c) amplitude unchanged and 
period is cut in half 

P31.46 (a) 1.60 V; (b) zero; (c) no change in either answer; (d) See ANS. FIG. 

P31.46(d); (e) See ANS. FIG. P31.46(e). 

P31.48 (a) 110 V; (b) 8.53 W; (c) 1.22 kW 

P31.50 See P31.50 for full explanation. 

P31.52 -lO -4 V 

P31.54 (a) increasing; (b) 62.6 mT/s 

P31.56 

T 

P31.58 (a) (b) particle in equilibrium; (c) 281 m/s; (d) 1.88 A; (e) 169 W; 

(f) 169 W; (g) yes; (h) increase; (i) yes; (j) larger 

P31.60 3.92 m/s is the highest speed the loop can have while the upper edge 

is above the field, so it cannot possibly be moving at 4.00 m/s. 

P31.62 (a) See P31.62(a) for full explanation; (b) 0.250 T 

P31.64 (a) 2.54 x 10 5 m/s; (b) 215 V 

P31.66 (a) 0.900 A; (b) 0.108 N; (c) Point b; (d) no 

P31.68 See P31.68 for full explanation. 

P31.70 (a) We would need to know if the field is increasing or decreasing; 

(b) 248 jL/Q; (c) Higher resistance would reduce the power delivered. 
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P31.72 

P31.74 

P31.76 

P31.78 

P31.80 

P31.82 


(a) Ck atK) (b) upper plate; (c) The changing magnetic field through 
the enclosed area of the loop induces a clockwise electric field within 
the loop, and this causes electric force to push on charges in the wire 

See P31.74 for full explanation. 
p 0 l£v w 
2nRr[r+w) 

(l.l8xl 0“*)t 

( a ) 0 800-4 90f ; (b) Zer ° ; (C) infinity; (d) 98-3 

, . nB 2 R 4 bco 2 n . . ... .. 

(a) —^-; (b) 4; (c) 4; (d) 16 

16p 

(a) See P31.82(a) for full description; (b) See P31.82(b) for full 
description. 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 



32 







Chapter 32 469 


OQ32.4 The ranking is AV L >A\Z, 200 n >12.0 V >AV l2 n . Just before the switch 
is thrown, the voltage across the 12-Q resistor is very nearly 12 V (we 
assume the resistance of the inductor is small). Just after the switch is 
thrown, the current is nearly the same, maintained by the inductor, 
but this current is diverted through the 1 200-0 resistor; thus, the 
voltage across the 1 200-0 resistor is much more than 12 V, about 
1 200 V, because the same current in the 12-0 resistor now passes 
through a resistor 100 times as large. By Kirchhoff's loop rule, the 
voltage across the coil is larger still. 

OQ32.5 Answer (d). The inductance of a solenoid is proportional to the 

number of turns squared (N 2 ), to the cross-sectional area {A), and to 
the reciprocal of the length of its axis (L). Coil A has twice as many 
turns with the same length of wire, so its circumference must be half 
as large as that of coil B: therefore, its radius is half as large and its 
area one quarter as large. For coil A the inductance will be different 
by the factor N 2 A/L ~ [2 2 (l/4)]/2 = 1/2. 

OQ32.6 Answer (a). The energy stored in the magnetic field of an inductor is 
proportional to the square of the current. Doubling I makes 

U B = ~Li 2 get four times larger. 

OQ32.7 Answer (d). The emf across an inductor is zero whenever the current 
is constant (unchanging), large or small. 


lNSWERS to conceptual questions 


CQ32.1 (a) We can think of Henry's discovery of self-inductance as 

fundamentally new. Before a certain school vacation at the 
Albany Academy about 1830, one could visualize the universe 
as consisting of only one thing, matter. All the forms of energy 
then known (kinetic, gravitational, elastic, internal, electrical) 
belonged to chunks of matter. But the energy that temporarily 
maintains a current in a coil after the battery is removed is not 
energy that belongs to any bit of matter. This energy is vastly 
larger than the kinetic energy of the drifting electrons in the 
wires. This energy belongs to the magnetic field around the coil. 
Beginning in 1830, Nature has forced us to admit that the 
universe consists of matter and also of fields, massless and 
invisible, known only by their effects. 

The idea of a field was not due to Henry, but rather to Faraday, 
to whom Henry personally demonstrated self-induction. Still 
the thesis stated in the question has an important germ of truth. 
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Inductance 


CQ32.2 


CQ32.3 


CQ32.4 


Henry precipitated a basic change if he did not cause it. 

(b) A list today of what makes up the Universe might include 
quarks, electrons, muons, tauons, and neutrinos of matter; 
photons of electric and magnetic fields; W and Z particles; 
gluons; energy; charge; baryon number; three different lepton 
numbers; upness; downness; strangeness; charm; topness; and 
bottomness. Alternatively, the relativistic interconvertibility of 
mass and energy, and of electric and magnetic fields, can be 
used to make the list look shorter. Some might think of the 
conserved quantities energy, charge,... bottomness as 
properties of matter, rather than as things with their own 
existence. 

(a) The inductance of a coil is determined by (a) the geometry of the 
coil and (b) the "contents" of the coil. This is similar to the 
parameters that determine the capacitance of a capacitor and the 
resistance of a resistor. With an inductor, the most important 
factor in the geometry is the number of turns of wire, or turns 
per unit length. By the "contents" we refer to the material in 
which the inductor establishes a magnetic field, notably the 
magnetic properties of the core around which the wire is 
wrapped. 

(b) No. The inductance of a coil is proportional to the flux through 
the coil per unit current, 0/7, and the flux is proportional to the 
current 7, so the inductance is independent of the current. 

When it is being opened. When the switch is initially standing open, 
there is no current in the circuit. Just after the switch is then closed, 
the inductor tends to maintain the zero-current condition, and there 
is very little chance of sparking. When the switch is standing closed, 
there is current in the circuit. When the switch is then opened, the 
current rapidly decreases. The induced emf is created in the inductor, 
and this emf tends to maintain the original current. Sparking occurs 
as the current bridges the air gap between the contacts of the switch. 

(i) (a) The bulb glows brightly right away, and then more and 
more faintly as the capacitor charges up. (b) The bulb gradually 
gets brighter and brighter, changing rapidly at first and then 
more and more slowly, (c) The bulb immediately becomes 
bright, (d) The bulb glows brightly right away, and then more 
and more faintly as the inductor starts carrying more and more 
current (the inductor eventually acts as a short). 

(ii) (a) The bulb goes out immediately because current stops 
immediately (charge ceases to flow), (b) The bulb glows for a 
moment as a spark jumps across the switch, (c) The bulb stays 
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CQ32.5 


CQ32.6 


CQ32.7 


CQ32.8 


lit for a while, gradually getting fainter and fainter as the 
capacitor discharges through the bulb, (d) The bulb suddenly 
glows brightly. Then its brightness decreases to zero, changing 
rapidly at first and then more and more slowly. 

(a) The coil has an inductance regardless of the nature of the 
current in the circuit. Inductance depends only on the coil 
geometry and its construction. 

(b) Since the current is constant, the self-induced emf in the coil is 
zero, and the coil does not affect the steady-state current. (We 
assume the resistance of the coil is negligible.) 

(a) An object cannot exert a net force on itself. An object cannot 
create momentum out of nothing. 

(b) A coil can induce an emf in itself. When it does so, the actual 
forces acting on charges in different parts of the loop add as 
vectors to zero. The term electromotive force does not refer to a 
force, but to a voltage. 

(a) The instant after the switch is 
closed, the capacitor acts as a 
closed switch, and the inductor 
acts to maintain zero current in 
itself. The situation is as shown 
in the circuit diagram of ANS. 

FIG. CQ32.7(a). The requested 
quantities are: 


(b) After the switch has been closed a 
long time, the capacitor acts as an 
open switch. The steady-state 
conditions shown in ANS. 

FIG. CQ32.7 (b) will exist. The 
currents and voltages are: 

I / L =0, f c = 0, /„ = 0 | 

|~Xy =0, Al/ C = £ 0 , AU„=0 | 

When the capacitor is fully discharged, the current in the circuit is a 
maximum. The inductance of the coil is making the current continue 
to flow. At this time the magnetic field of the coil contains all the 


/, = 0, / c = %, / R = % 

L c R R R 

I AV l = £ 0 , AV C = 0, A\/ r = 


4 = 0 + _AV L =£ 0 

0=0 
AV c = 0 

I c = £ 0 /R 

ANS. FIG. CQ32.7(a) 


4=o + _AJ4=o 

0 = C£„ 

AV C = £ 0 

£o 

ANS. FIG. CQ32.7(b) 
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energy that was originally stored in the charged capacitor. The 
current has just finished discharging the capacitor and is proceeding 
to charge it up again with the opposite polarity. 

According to Equations 32.31 and 32.32, the oscillator is overdamped 

[4L 

if R >R C =J— : it will not oscillate. If R < R c , then the oscillator is 

underdamped and can go through several cycles of oscillation before 
the current falls below background noise. 

The energy stored in a capacitor is proportional to the square of the 
electric field, and the energy stored in an induction coil is 
proportional to the square of the magnetic field. The capacitor's 
energy is proportional to its capacitance, which depends on its 
geometry and the dielectric material inside. The coil's energy is 
proportional to its inductance, which depends on its geometry and 
the core material. The capacitor's energy is proportional to the charge 
it stores, the coil's energy is proportional to the current it holds. 


SOLUTIONS TO END-OF-CHAPTER PROBLEMS 


Section 32.1 Self-Induction and Induction 

*P32.1 The magnitude of the average induced emf for this coil is 

\£\ =L— =(3.00x 10 -3 H )( 1 - 50A - a20 ° A ) =1.95xlO~ 2 V 
1 1 At v '\ 0.200 s / 


*P32.2 Treating the telephone cord as a solenoid, we have: 

L _fJ 0 N 2 A _(4^xl0“ 7 T•m/A)(70.0) 2 7r(6.50xl0 -3 
l 0.600 m 


P32.3 The self-induced emf at any instant is 


Its average value is 


£ t , v , =-l( !l±) =(-2.00 H) AA590A fVjM-j 
L ' ave l t J 1.00 x 10“ 2 s R 1H ) 
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P32.4 


P32.5 


P32.6 


P32.7 


(a) The inductance of the solenoid is 


.Ml 

£ 


[4nxl0- 7 T • m/A) (400 f [tt ( 2 .50 x 1CT 2 m) 2 ] 
~ 0.200 m 


=1.97 x 10~ 3 H = | 1.97 mH | 
(b) From |£| =L(Ai/At), 


Al _ |£| _ 75.0 xl0~ 6 V 
A t~ L ~ 1.97x 10“ 3 H 


= 38.0 x 10" 3 A/s = 38.0 mA/s 


From |s| = we have 


L= £ = 24hxl0^V =240xl0 _3 H 

(Al/At) 10.0 A/s 


u / N ®b u 
From L - —r- 5 -, we have 


_Li _(2.40xl0' 3 H)(4.00 A) 
B ~N 500 

=| 19.2 jL/T-in 7 ] 


(a) B =p,ni =(4*r x 10~ 7 T • m/A )f 


0.120 m 


|(o.Q4Q 0 A) = | 188 AIT | 


(b) 


0 B = eA = 5^^ 15 ‘ QX 2 10 = 13.33xIQ- 8 To 


N*. = 450O fi = | 0375mH | 
v ’ l 0.040 0 A 1 - 1 


(d) 


B and <J> B are proportional to current; L is independent 
of current. 


From £ = L — , we have 

1 1 UtJ 

L \£\ _ |£|(At) _ (l2.0xl0~ 3 v)(0.500s) 

|A/'/At) \Ai\ |2.00 A -3.50 A| 
=4.00 xl0“ 3 H = |4.00mH| 
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P32.8 


P32.9 


P32.10 


P32.ll 


(a) In terms of its cross-sectional area (A), length ( t ), and number of 
turns ( N ), the self inductance of a solenoid is given as 

L =IJ 0 N 2 A/(i. Thus, for the given solenoid, 

L _ y 0 N 2 (jud l /4 ) 

t 

(47TX1CT 7 T-m/A)(580) 2 [^:(8.00xl0“ 2 m) 2 /4] 

" (0.36 m) 

=5.90 x 10~ 3 H = |5.90 mH| 

(b) |£| =|- L [^]| =(5.90xl0- 3 h)(-(4.00 A/s) 

=23.6 xlO” 3 V = |23.6 mV | 


|£| =L^=|(90.0xl0- 3 )^(l.00t 2 -6.00t)| =(90.0)|(2.00t-6.00)|, where £ 
is in millivolts (mV) and t in seconds. 


(a) At t = 1.00 s, £ = \ 360 mV/] ’ 

(b) At t = 4.00 s, £ = | 180 mV [ 

(c) £=(90.0)(2t-6)=0 when |ffe 3.00 


The inductance is L 


_^N 2 A 


with A = nr 2 . The induced emf as a 


function of time is £ L = By substitution we have 


Then 


„ . di iJ 0 N 2 nr 2 di 

£l A, and f 

dr i dt 

-(175 xlO- 6 V)(0.160m) ) 

l^xlO' 7 N/A 2 )(420) 2 tt(- 0.421 A/s) J 

The emf is given by 

e - e ^- L l 

from which we obtain 


y y 

= y H 0 N 2 ndi/dt; 


= 9.77 mm| 


d i = -^-e*dt 
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P32.12 


£ L+ do 

If we require / —» 0 as t—> °°, the solution is /- 77,^ = —, so 


0 = - 

LLN 2 A 

The inductance of a solenoid is ILjttsS- 

l 

The long solenoid is bent into a circle of radius R, so its length 
1~2kR) therefore, the inductance of the toroid is 



M)A/ 2 k 2 ) _l i - 2 

i 2nR 2 W R 



ANS. FIG. P32.12 


P32.13 Using the definition of self-inductance, £ = -L—, we obtain 

£ =-L-^(/,sin£ot) =- Leo (/, coscot) 
=-(l0.0xl0“ 3 )[2^(60.0)](5.00)cos(9t 
| £ = -18.8 cos 1207 t£, where £ is in volts and f is in seconds. | 

P32.14 The current change is linear, so £ = -L^- = -L—. 

& dt At 

t = 0 to 4 ms: 

£ =-(4.00 mH) ~ Z00mA =+2.00 mV 
4.00 ms 

t = 4 to 8 ms: 

£ =-(4.00 mH ) €QQmA =-5.00 mV 
4.00 ms 

t = 8 to 10 ms: 

£ =-(4.00 mH)---=0.00 mV 

2.00 ms 
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t = 10 to 12 ms: 

£ =-(4.00 mH ) ~ 3 - 00mA =- 16.00 mV 
2.00 ms 


V(mV) 



Section 32.2 RL Circuits 

P32.15 (a) The inductance of a solenoid is 

L _fJ 0 N 2 A _iJ () N 2 7ir 2 _ M ) (510) 2 ^(8.00xlQ- 3 m) 2 

t t 0.140 m 

=4.69 xlO" 4 H =| 0.469 mH 


P32.16 


(b) The time constant of the circuit is 


T 


L 

R 


4.69 xlO" 4 H 
2.50 Q 


= 1.88 x hT 4 


s = [0.188 msl 


(a) At time t, 

/ (t )=|(i-^) 

where 


T 


L 

R 


2.00 H 

io.o a 


= 0.200 s 


After a long time. 



/(A) 



ANS. FIG. P32.16 
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P32.17 


P32.18 


At i(t) = 0.5007,. 

(0.500)§=f(t-^) 

so 0.500 = l-e t/T 
Isolating the constants on the right, 
e t/T =0.500 
ln(e t/T )=ln(0.500) 

t =r[-ln(0.500)] =(0.200 s)[-ln(0.500)] = |0.139 s| 

(b) Similarly, to reach 90% of I ;/ 0.900 = l-e t/T -» e t,T = 0.100 
and t =-rln(0.100) 

Thus, 

t =-(0.200 s)ln(0.100) = | 0.461 s | 


(a) 


Using 


r = RC = 


L 

—, we get 

R & 


R = [L = I 3.00 H 
VC v3.00x 10 -6 F 


= 1.00xlO 3 Q= I 1.00 kD | . 


(b) The time constant is 

t =RC=( 1.00xlO 3 O)(3.00xl0" 6 f) 
=3.00 x 10 -3 s = | 3.00 ms~| 

The current builds exponentially according to: 


i(t) 


= 1 ^ 

=0.500 (l- 


24.0 Q' 


where current I is in amperes (A) and time t is in seconds (s). 

The current increases from 0 to asymptotically approach 0.500 A. In 
case (a) the current jumps up essentially instantaneously. In case (b) it 
increases with a longer time constant, and in case (c) the increase is still 
slower. 
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(a) With "essentially zero" inductance, we take z = ~^~ 0-01 • ANS. 
FIG. P32.18(a) graphs I(t ) for this case. 

0.6 r- 


0.4 • 

< 0.3 - 
0.2 - 
0.1 - 

o l i I I I I i I i I i I I I I I I 

0.5 1 1.5 2 

t( s) 

ANS. FIG. P32.18(a) 

(b) We take z = ^ = 1. ANS. FIG. P32.18(b) graphs I(t) for this case. 



ANS. FIG. P32.18(b) 

(c) We take z = ^ = 10. ANS. FIG. P32.18(c) graphs 7(f) for this case. 



ANS. FIG. P32.18(c) 
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P32.19 (a) The two resistors are in parallel. Their resistance values 450 £2 and 

R are related to their equivalent resistance R eq by 

1 _1 1 

R^ _ R 450 Q 

and the equivalent resistance is related to the time constant of the 
circuit by 

L 1 _ r 

t= ^r^ = l 

Thus, 

1 = _1 | 1 = T 

R eq R 450 £2 L 

Solving for R, 

I t 1 _ 15.0 xlO -6 s 1 

R ~~ L 450 Q ~~ 5.00 xl0“ 3 H 450 Q 


which gives 

R = 1 290 £2 = [L29 k£2| 


(b) 


The current will immediately begin to die from the value it had 
just before the switch was thrown to position b. Before the switch 
position was changed, the current was constant in time, so there 
was no emf induced in the inductor. The current was just 


i=^~ =AVy =(24.0 V) 

™eq 


15.0 xlO" 6 s 
5.00 xhT 3 H 


=0.072 0 A =| 72.0 mA 


!f 'P32.20 The current increases as a function of time as 
/=/,.( l-e t/T ) 

Substituting, 

0.980 = i_e 300xl0 ^ /T 
0.020 0 = e 300x10-3/1 



ANS. FIG. P32.20 


Solving for the time constant gives 


T 


3.00 x IQ- 3 
In (0.020 0) 


=7.67 xlO" 4 s 
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*P32.21 


P32.22 


P32.23 


and since T = —, 

R 

L =tR =(7.67 x 10" 4 s)(l0.0 Q) =| 7.67 mH | 

For the increasing current / =^(l- e Lt/R ). The final value is 
condition on At is 

0.800 ^ =^(l-e LAI/fi ) 

e LAt,R =0.200 
e +Lm =5oo 

^ = In 5.00 
. R In 5.00 


At the moment when the battery is removed, the current in the coil is 

£ £ 
quite precisely —. During the decrease, / = /,e Li/R = —e Lt,R . 


(a) at t = At = 


R ln5.00 


K = 0.200= 20.0% 


(b) at t = 2 At, 

_ =e L2M / R =(e LAt / R ) 2 =(0.200 f =0.040 0 =| 4.00% | 




Taking r = and / = /,e t/T : ^ = /,e t/T j 
/R +L^ =0 will be true if /,R e t/r +/-(/,e t/r j =0 


We have agreement because r = —. 

The current at this time is given by 

/= !(l- e _ t „) = 120Vr 

R ' 7 9.00 DL 

Then, A\/ R =/R =(3.02)(9.00) =27.2 V 
and AV l =£-AV R = 120-27.2 = | 92.8 V | 


.,-0.200/(7.00/9.00) "I 
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P32.24 


P32.25 


(a) t = -= 8 ' QQx1 ° H = 2.00x10~ 3 s = | 2.00 ms I 

R 4.00 Q 1 - 1 

(b) / =§(l-e^)==fS(l-^ 50/20 °) ^=SIZ6A] 


, , . £ 6.00 V |———n 

(C) / ' = R = 4^ = E^A] 


(d) 0.800 =l-e t/2 ' 00 -> t =-(2.00 ms)ln(0.200) =1 3.22 ms I 



ANS. FIG. P32.24 

Name the currents as shown in ANS. FIG. P32.25. By Kirchhoff's laws: 

h = 4 + 4 HI 

[ 2 ] 


+10.0 V - 4.004 - 4.004 = 0 


+10.0 V- 4.00/, -8.004-(1.00)—^ =0 
at 


400 £2 

8.00 £2 



..mo % 

" V 

:4.00 1.001 

r Q h! 


l 


[3] 


ANS. FIG. P32.25 

From [1] and [2], 

+10.0 - 4.004 - 4 -004 + 4 -004 = 0 

4 = 0.5004 + 1-25 A 

Then [3] becomes 10.0 V-4.00(0.5004 +1.25 A)-8.004 -(l.OO)^ =0 

at 

(1.00 +(10.0 Q)4 =5.00 V 


5.00 V-(10.0 Q)4-(l.00 H)l ■^ I =0 
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which can be compared to the general form (Equation 32.6) 
di 

£-iR-L — = 0 
dt 

which has the solution (from Equation 32.7) / =^(l- e Rt/L ). 
Thus, we have: 

(a) 4 J[i_e {100£2)t / 100H ] = | (0.500 A)[l-e 10t/s ] 

(b) 4 =1.25 +O. 5 OO /3 = | 1.50 A-(0.250 A)e wt/s ] 

P32.26 Refer to ANS. FIG. P32.25 above. Name the currents as shown. I 
Kirchhoff's laws: 


£-R'l -Ri 1 =0 


£ - Ri, - 2Ri 3 - L —^ = 0 
dt 


From [1] and [2], 


£-Ri 1 -R[i 1 -i 3 )= 0 
£ - Ri t - Ri 1 +Ri 3 =0 


Then [3] becomes 


£ - R f-/ 3 +—V 2 Ri 3 -L— =0 
{2 3 2RJ 3 dt 

L^+2.5R/ 3 =| 
dt 3 2 

|-2.5R/ 3 -L^=0 
2 3 dt 


which can be compared to the general form (Equation 32.6) 


£-/R-L —= 0 
dt 

which has the solution (from Equation 32.7) 
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P32.27 


P32.28 


Thus, we have: 

(a) 


lri-e- 2 ' 5fit/L l= — (i-e 5 ^ 2L ) 

3 {2.5RJ 1 J 5R X 1 


(b) L =-/, H- 

W 1 2 3 2 R 




=irA(l_erS«t/2L)l A 

215R X '} 2 R 


58 
10 R ' 




(a) When i = 2.00 A, the voltage across the resistor is 

AV r =iR =(2.00 A)(8.00 Q) =16.0 V 

Kirchhoff's loop rule tells us that the sum of the changes in 
potential around the loop must be zero: 

£ - AV r -£ l = 36.0 V -16.0 V - £ L = 0 
so £ l = 20.0 V 

and = 

£ l 20.0 V 

(b) Similarly, for i = 4.50 A, A\/ R =iR =(4.50 A)(8.00 Q) =36.0 V and 

£-A\/ fi -£ L =36.0V-36.0V-£ L =0 
so £ L = [o] 

For t < 0 / the current in the inductor is | zero | . ipoApn 

For 0 < t < 200 Ids , there will be current i R in the 
resistor and I L in the inductor so that i = i R + i L = 

I { = 10.0 A. Assuming both currents are 
downward in ANS. FIG. P32.28, we apply 
Kirchhoff's loop rule going counterclockwise 
around the loop, and we find that 

-i R R+L C - |=0 

Using /, =i R +4 —> 4 =4 -4, we have 

-(i,-i l )r+l^=o 


ANS. FIG. P32.28 
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Then, 

kVii* 

which gives 

i L =l i (l-e Rt,L ) 

We see that t = 0, i L = 0 as we expect because of the back emf induced 
in the inductor. With the time constant 

L (10.0 mH) inn in _4 

T =— - r— =1.00 X 10^ S 

R 100 £2) 


i L =/,. (l-e t,T ) = |(10.0 A)(l-e- 10000t/s )| (0< t <200 /is) 

At t = 200 /is, / =(10.00 A)(l- e 200 ) =8.65 A; thereafter, the current 
decays. The loop rule gives the same result, 

- / » R+L f =0 

but now i R +i L =0 -> i R =-i L , so we have 

'‘ R+L l =0 ^ 4=-'^ 

If =-1 r<* 

/,• 'L 200 JUS *- 

ln^=-^(t-200 jus) -» 4 =/.e R(t - 200 ^ )/L 

For t = 200 /is, z, = 8.65 A, and for t> 200 /Js, 

/ =(8.65 A)e 10000(t - 200 ^ )/s =(8.65 A )e 10000t/s+200 
=(8.65# 00 A)e 10000t/S = | (63.9 A)e 10000 ^] [t >200 /is) 
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P32.29 


P32.30 


From Equation 32.7, / =/ ( . (l - e t/T ). Therefore, 


I-'-H-;) 


Then, 


T = L = l^n = 0 500s 

R 30.0 Q 




with /, = — 
' R 


(a) At t = 0, 


di R . n £ 100 V | 

— = — ,e = — = -= 6.67 A/s 

dt L 1 L 15.0 H I-^ 


(b) At f = 1.50 s, 

^ =^e tr =(6.67 A/s)e'- 50/(a500) =(6.67 A/s)e- 3 - 00 
= | 0.332 A/s~| 

(a) For a series connection, both inductors carry equal currents at 
di 

every instant, so — is the same for both. The voltage across the 
dt 


pair is 


L — =L — +L — 
eq dt 'dt 2 dt 


L eq = L 1 +4 


(b) For a parallel connection, the voltage across each inductor is the 
same for both. 

/ di I <*1 / di 2 A 1/ 

where the currents are related by i = i x + i 2 . Therefore, 
d[_d[\ di 2 


dt dt dt 
AV l 

IT 


av l _av l av l 

L L + L 


4 , h 
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P32.31 


(c) l '’S +r '’ ,=l 4 + '' r ' + '-4 +/Rj 


Now i and — are independent quantities under our control, so 
dt 

functional equality requires both L eq = L : +L 2 and R eq = R a + R 2 . 

(d) Yes. The relations A\/ =L +R i =/_, ^ +R l i 1 =L 2 +R 2 i 2 , 

4 dr 4 at ~ at 

where i = L + L and — =— +—, must always be true. 
dt dt dt 

We may choose to keep the currents constant in time. Then, from 
i = i x + i 2 , we have 

AV l _AV l + AV l 1 _ 1 + 1 

^eq ^1 ^2 ^eq ^1 ^2 

We may choose to make the current oscillate so that at a given 

moment it is zero. Then, from — =—t -|—1 a s in part (b), we 
dt dt dt 

1 _ 1 ,1 

have r _ r r- 

L eq L 1 L 2 


(a) The equation for current buildup is obtained by combining 
Equations 32.7 and 32.8: 

. £[l-e Rt/L ) 

' ~ R 

We proceed step-by-step to solve for t in terms of the other 
quantities, all of which are given: 

iR/£ = \-e Rt/L 


so e Rt/L = 1 - iR/£ 
and -Rt/L = ln(l - \R /£) 
then, 

t = -(L/R) ln(l - iR /£) 

t = -(0.140 H/4.90 Q) ln[l - (0.220 A)(4.90 Q )/6.00 V] 
= -(0.028 6 s) ln(0.820) 
t =-(0.028 6 s)(-0.198) = |5.66 ms| 
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(b) We now make the general equation refer to a different instant. 
The current after ten seconds is 

/ =(f^]( 1 -^ 350 S " 1)(1 °° s) ) =(1-22 A)(l-e 350 ) = [T22~A~1 

(c) The equation for current decrease after the battery is removed is 

j = -e Rt/L . We solve for t: 

R 

iR = g R v L or =e tflt/r 

£ iR 

Then, 

In (£/iR)=Rt/L and t =(/_/«) In(£//«) 

Substituting, 

t =(0.140 H/4.90 Q) ln[6.00 V/(0.160 A-4.90 Q)] 

=(0.028 6 s)(ln 7.65) = |58.1 ms| 


Section 32.3 Energy in a Magnetic Field 

P32.32 The inductance of the solenoid is 


1.75 A 


U B =-Li 2 =-(0.042 3 H)(1.75 A) 2 =0.064 8 J = |64.8mj| 


The energy stored is 

=—Li 2 
2 2 


P32.33 For a solenoid of length l, the inductance is L 


_ ^N 2 A 


Thus, since U B =-L/ 2 the stored 

8 2 2 1 


U R = 


energy is 

(4x x IQ' 7 N/A 2 )(68) 2 ^(6.00 x 10“ 3 m) 2 (0.770 A) 2 


2 (0.080 0) m 


= 2.44 x 10‘ 6 J 
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P32.34 


P32.35 


P32.36 


*P32.37 


From Equation 32.7, / =— (l - e Rt/L ): 

£ 

(a) The maximum current, after a long time t, is /=/, = — = 2.00 A. 
At that time, the inductor is fully energized and 

p =/( AV) =(2.00 A)(l0.0 V) = | 20.0 W | 

( b ) =i 2R =(2-00 A f (5.00 Q) = | 20.0 W | 

(c) The inductor has no resistance: P inductor =/(A\/ drop ) =[o] 

(d) U B =h-i 2 =|(10.0 H)(2.00 A) 2 = | 20.0 J | 

(a) The energy density stored by the electric field is 


( c 2 

— « v i rr 12 

MlOO V/m) 2 / 

7/cV 

: fN ml 

— 0.00 X ru 2 

^ N-m 2 

J 2 1 


rn 


=4.43 x 10“ 8 = | 44.3 nj/m^ 

(b) The energy density stored by the magnetic field is 

_ 6 2 (0.500X10- 4 t ) 2 (n/A- 

Ub ~2pt ) ~l[^nx\Q- 7 T-m/A)v T"~ 
t N (m 


=9.95 xlO " 4 


N-m 


■9.95X10- 4 = | 995 


We compute the integral: 


=-—(e~-eP)=— (o-i) = 
2R ' ' 2R X ' 


The current in the circuit at time t is /=/,■( 1- e t/T ), where /, = —, and 
the energy stored in the inductor is U B = ^-E/ 2 . 

£ 24 0 V 

(a) As t—>°° /—>/, = — = ——— = 3.00 A, and 
W 1 R 8.00 £2 


U B =-Llf =-(4.00 H)(3.00 A ) 2 = |18.0 j| 
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P32.38 


(b) At t=x, I =/, (l - e 1 ) =(3.00 A )(l - 0.368) =1.90 A, and 
U B =^Li 2 =^(4.00 H)(1.90 A) 2 = |7.19 J| 

(a) P =iAV =(3.00 A )(22.0 V) = |66.0 W| 

(b) P =iAV R =i 2 R =(3.00 A) 2 (5.00 D) = |45.0 W| 

(c) METHOD 1: We treat the real inductor as an ideal inductor (with 
no resistance) in series with an ideal resistor (with no inductance). 
When the current is 3.00 A, Kirchhoff's loop rule reads 

+22.0 V- (3.00 A)(5.00Q)-AV l =0 
AV l =7.00 V 

The power being stored in the inductor is 
iAV L =(3.00 A)(7.00 V) = 21.0 W 


METHOD 2: We do not treat the real inductor as an ideal 
inductor in series with an ideal resistor. 

We wish to find the rate at which energy is being delivered to the 
inductor. As discussed in Section 32.3, U B = ^E/ 2 —»= Li ^. 

We know L (0.040 0 H) and i (3.00 A); we need to evaluate the 
di 

term —. From Equations 32.7 and 32.8 (or Equation 32.9), 


because x = —. Also, 

R 


/= |(l-e t/T )^e t/T 




iR 

e 


Therefore, 

When i = 3.00 A, 

=i(e-iR)=[ 3.00 A)[22.0 V-(3.00 A)(5.00 Q)] 
= [21.0 W | 
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P32.39 


(d) 


The power supplied by the battery is equal to the sum of the 
power delivered to the internal resistance of the coil and the 
power stored in the magnetic field. 


(e) 

(f) 


| Yes. | 


Just after t = 0, the current is very small, so the power delivered 
to the internal resistance of the coil (iR 2 ) is nearly zero, but the 
rate of the change of the current is large, so the power delivered 
to the magnetic field ( Ldi / dt) is large, and nearly all the battery 
power is being stored in the magnetic field. Long after the 
connection is made, the current is not changing, so no power is 
being stored in the magnetic field, and all the battery power is 
being delivered to the internal resistance of the coil. 


(a) The magnetic energy density is given by 

B j450T)- =g Q6 x 1q6 j/ m 3 = | 8 , 06 M J | 


<4 


2/^ 2(47rxlCr 7 T-m/A)" 


(b) The magnetic energy stored in the field equals u times the volume 
of the solenoid (the volume in which B is non-zero). 


U B =u B V =(8.06xlO 6 j/m 3 )[(0.260 m)7r(0.0310 m) 2 ] 
=1 6.32 kj I 


Section 32.4 Mutual Inductance 

I di I 

P32.40 We use Equation 32.17, |£ 2 | = -M , from which we obtain the 
mutual inductance: 


tel 

|d/'i/dj 


0.096 0 V 
1.20 A/s 


0.080 0H = [ 80.0 mH | 
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P32.41 


P32.42 


P32.43 


Let the changing current in coil 1 induce an emf in coil 2. Then, 
S 2 =-M^=-( 100 xl 0 - 6 )^[l 0 . 0 sin(l. 00 xl 0 3 t)] 
=-(l00 x 10 ~ 6 )(lO.O)(l.OO x 10 3 ) cos (1.00 x 10 3 t) 
=-(l. 00 )cos(l. 00 xl 0 3 t) 


Therefore, the peak emf is (£ 2 ) max = | 1.00 V~| . 

The current is given by / = /,e sinco t, with 7 ; = 5.00, a = 0.025 0, and 

co = 1207T. Then, 

di dr. _ at . 

_=_[, ( e sin ft) t] 

=/, [-a e at jsinca t +/,e' at (co cosco t) 

=l j e at (-a sin co t +co cos co t) 

di 

where — is in amperes per second, I, is in amperes, and t in seconds. 
At t = 0.800 s, 

^ = (5.00)e 00200 {-(0.025 0)sin[0.800(1207r)] 


fl20^cos[0.800(120^)]} 


= 1.85 xlO 3 A/s 


Thus, from £ 2 = -M 


M ■ 


-e 7 


53.20 V 


dijdt 1.85xlO 3 A/s 

(a) The mutual inductance of the coils is 

M _ Nb®ba _ 700(90.0x10 6 Wb) 
i A 3.50 A 

(b) The inductance of coil A is 


=| 1.73 mH | 

=| 18.0 mH | 


_400(300xl0“ 6 Wb) .-- 

A i A 3.50 A - 


3 mH | 


(c) The emf induced in the other coil is 

\e B .. =|-M =(18.0 mH)(0.500 A/s) = | 9.00 mV | 
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P32.44 


P32.45 


(a) Solenoid Sj creates a nearly uniform field everywhere inside it, 
given by B 1 =/J 0 N 1 i/1. The flux through one turn of solenoid S 2 is 

The emf induced in solenoid S 2 is 
-(WRlN.N./iHdi/dt) 

The mutual inductance is 

I M, 2 =^r ; 2 <v,<v 2 //| 

(b) Solenoid S 2 creates a nearly uniform field everywhere inside it, 
given by B 2 =/J 0 N 2 i 2 /£ and nearly zero field outside. The flux 
through one turn of solenoid 1 is 

fyiR^NJJi 

The emf induced in solenoid 1 is 
-(HonRlN 2 N 2 /t)(di 2 /dt) 

The mutual inductance is 
\M^=/J 0 nR 2 2 N 1 N 2 /t] 

(c) [They are the same.] 


Assume the long wire carries current I. Then the magnitude of the 
magnetic field it generates at distance x from the wire is B =^~ , and 

this field passes perpendicularly through the plane of the loop. The 
flux through the loop is 


O s =Jb ■ dA =j BdA = J 6( £dx) 1 7" 

27T 0.400 m 

Ik \ 0.400 j 


dx 

x 


The mutual inductance between the wire and the loop is then 


M 


N^_ N 2 IJ 0 /£ ] J 1-70 ^ 

; 2n / 1 0-400 J 

l(4^xl0‘ 7 T-m/A)(2.70xl0“ 3 m) < 


1.70 ^ 
0.400 J 


M =7.81 x 10~ 10 H = | 781 pH | 
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P32.46 (a) A current i in the large loop of radius R produces a magnetic field 

of magnitude B at its center. Because the radius of the small 
loop r« R, we may treat the flux through the small loop as being 
approximately 0 B =E4cos0.00° The mutual 

inductance of the loops is then 
p 0 nr 2 


M = 


2 R 


(b) M 


_(texl0- 7 T m/AK(0.020 0m) ; xif) -9 H 

2R 2(0.200 m) 

= |3.95nH| 


r* 

- 1 - c 


} 


Section 32.5 Oscillations in an LC Circuit 

P32.47 When the switch has been closed for a long 
time, battery, resistor, and coil carry constant 
£ 

current /, = —. When the switch is opened, 

current in battery and resistor drops to zero, 
but the coil carries this same current for a 
moment as oscillations begin in the LC loop. 

We interpret the problem to mean that the voltage amplitude of these 

oscillations is AV , in -C( AV) 2 =-Llf , 

2 2 ' 


ANS. FIG. P32.47 


Then, 


C{AVf C{AVfR 2 (0.500x10- 6 f)(150V) 2 (250 Q) 2 


If £ 2 

=0.281 H = | 281 mH| 


(50.0 V) 2 


This radio is a radiotelephone on a ship, according to frequency 
assignments made by international treaties, laws, and decisions of the 
National Telecommunications and Information Administration. 

The resonance frequency is f 0 = - ^ 


'2 njLC’ 


Thus, C = 


1 


1 


[in fjL [2tt(6.30x 10 6 Hz^ll.OSxlO" 6 


608 pF 
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P32.49 


P32.50 


P32.51 


P32.52 


P32.53 


At different times, ( U c ) max ={U L ) max , so 


=—Llf 

2 ' 


Then, 




11 .00x10" 


V 10.0 x 10“" 

1 H 


(40.0 V) 


=0.400 A = | 400 mA | 

From the angular frequency of oscillation of the circuit, we have 

w = ic =2nf 

Solving for the inductance gives 

L _ 1 = _ 1 _ 

C[2n f) 2 (8.00 xlO" 6 f)[2tt(120 Hz)] 2 

= | 0.220 H | 

At different times, the maximum energy stored in the capacitor is 
equal to the maximum energy stored in the inductor. 


|c( AV/f] 


=-Llf 

2 ' 


(AV C ) 


_ / 20.0 xl0~ 3 

ii, 

V 0.500x10' 

6 F 


(0.100 A)= r20.0 V I 


Find the energy stored in the circuit from Equation 32.27 


U 


_Q 2 max _ (200 x 10~ 6 Cf 


2 C 


’2(50.0 


x 10 6 F 


4.00 x IQ- 4 J = 400 /Jj 


If the energy is split equally between the capacitor and inductor at 
some instant, the energy would be half this value, or 200 /ij. Therefore, 
there would be no time when each component stores 250 fij. 

(a) The frequency of oscillation of the circuit is 
1 1 


InjLC 2^(0.100 H)(l.00xl0- 6 f) 


503 Hz 
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P32.54 


(b) The maximum charge on the capacitor is 

Q =C£ =(l.00xlCT 6 f)(12.0 V) = | 12.0 pC \ 

(c) To find the maximum current 7 ; , we equate 


—C£ 2 = —LI 2 
2 2 ' 


Then solve for 7, to obtain 
/, = £ 


, '= £ ir= 12 - 0V J i; ®r=^3 

(d) The total energy the circuit possesses at t = 3.00 s and at all times is 
U =^C£ 2 =^(l.00xl0 ~ 6 f)(12.0 V ) 2 = | 72.0 pj | 

At t = 0 the capacitor charge is at its maximum value, so (j) = 0 in 


0 =Q max cos(cot +(/)) =O max cosj^-j= 


Vlc 

Substituting the given information, the charge at 2 ms is 

0 =(105 x 10 - 6 C) cos f 2 -°° x 10 3 ?_ 

y (3.30 H)(840 x 10“ 12 F) 

=(105xlO -6 C)cos(38.0 rad) 

=1.01 xlO -4 C 

(a) Then the energy in the capacitor is 

_ Q 2 (1.01 x 10- Cf 
c ~2C ~ 2(840 x 10“ 12 F) 

(c) The constant total energy is that originally of the capacitor: 
OL (l-05 x 10- c) 2 


U 2C 2(840 x 10 - 2 F) ^ 

(b) So the inductor's energy is the remaining 
U L = 6.56 J - 6.03 J = 10.529 J | 
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P32.55 (a) The angular frequency of oscillations is 

1 1 


f =847 rad/s =2n f 


yfLC ^(o.0820H)(17.0x10~ 6 f) 

so f = | 135 Hz | 

(b) The charge on the capacitor is 

Q =0 max COS CO t =(180 /jC)cos[(847 rad/s)(0.00100 s)] 
=1 119 pC I 


(c) The current in the circuit is given by Equation 32.23: 

_dq_ 


i =—^ =-o) O max sin co t 
at 


=-(847 rad/s)(l80 jl/C)sin[(847 Hz)(0.00100 s)] 
=| -114 mAH 


Section 32.6 The RLC Circuit 

P32.56 We choose to call positive current clockwise in Figure 32.15. It drains 
charge from the capacitor according to / = - A clockwise trip 

around the circuit then gives 

or +L-^ ^ =0, identical to Equation 32.28. 

C dr at at 

P32.57 (a) The frequency of damped oscillations is given by Equation 32.32: 


rr~ 

( R " 

2 

| 


LC 

[2 Lj 

1 




1 

f \2 

7.60 

(2.20 

xl0“ : 

3 h )(1.80 x 10“ 6 f ) 

. 2(2.20 x10 " 3 h ) 


=1.58x10 rad/s 

= ®d : 

In 


In 
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P32.58 


P32.59 


(b) Critical damping occurs when co d = 0, or when 
„ (4L 1 4(2.20 xlO“ 3 H) .-, 

Hc"V UxtoV ^lM 

(a) The angular frequency of undamped oscillations is 

=4.47 xlO 3 rad/s 


1 


1 


^(0.500 H)(0.100x10' 6 f) 
= [~X47 krad/s~| 

(b) The frequency of the damped oscillations is 


te-i 

12 Lj 

2 

1 

1 1 

" 1.00 xlO 3 q] 2 

1 (0.500 H)(0.100xl0- 6 F) 

2(0.500 H) 


= pL36 krad/s~[ 

(c) ^ X 100% = ^. X100%= 436 - 4 - 47 


x 100% = -2.53% 


(a) The charge on the capacitor is given by Equation 32.31: 
q= Q max e' Rt,2L cos (oJl so /, e Rt/2L 

When the amplitude of the oscillation falls to 50.0% of its initial 
value, we have 


0.500 = e Rt/2L 


Rt 

and -=-In (0.500) 


Then, 


t=-^ln(0.500)=| 0.6931 ^ 


2 L 


(b) The initial energy of the circuit is U 0 
q= VO500Q max = 0.707Q max 
Then, 


t=~ In (0.707) =| 


0.3471 ^ 


. When U = 0.5001L, 


(half as long as part (a)) 
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Additional Problems 


P32.60 


(a) Let Q represent the magnitude of the opposite charges on the 
plates of a parallel plate capacitor, the two plates having area A 
and separation d. The negative plate creates an electric field 

E = ^ toward itself. It exerts on the positive plate force 

2 e 0 A 


F =- toward the negative plate. The total field between the 

2 Go A 


plates is ——. The energy density is 
e n A 


1 1 Q 2 Q 2 

u E = -e 0 E2 = -e 0 = 1( _ Al - Modeling this as a negative or 

inward pressure, we have for the force on one plate 
Q 2 

F = PA =-, in agreement with our first analysis. 

2e n A 


(b) The lower of the two current sheets shown creates above it 
magnetic field B =^y A (-k). Let £ and w represent the length 

and width of each sheet. The upper sheet carries current j s w and 
feels force 


F =l£xB=J s W 



_ M 0 wiJ 2 s , 

2 ] 



(c) Between the two sheets, each sheet contributes the same field, so 
the total magnetic field is yy (-k) +—y (-k) =/jJ s k, with 
magnitude | B =jt/ l> / s ~| . Outside the space they enclose, the fields 
of the separate sheets are in opposite directions and add to |zero| . 
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P32.61 


P32.62 


(d) u B =—B 2 =^i 

2 ^ 2p 0 


(e) 


The energy density found in part (d) agrees with the magnetic 
pressure found in part (b). 


(a) The voltage across the inductor is given by 

£, =-Z-4 =~(l-00 mH) ^ 20 0 ^ =|-20.0 mV| 

at at 

(b) The charge that flows into the capacitor is 

t t 

q=j I dt=j[20.0t)dt =10.0? 

0 0 

Going across the capacitor in the directon of the current, the 
potential drops from the positive to the negative side, so 

-lO.Ot 2 


AV C = — = 6 

c C 1.00xl(T 6 F 


= 1-io.ot 2 1 


where AV C is in megavolts and t is in seconds. 

(c) When— >— Li 2 , or 
W 2C 2 

(- 10 . 0 ?) > 1 Q0x 10 _ 3 )( 20 .0t) 2 , 

2 ( 1.00 x 1 CT 6 ) 2 ' 1 

then lOOt 4 > (400 xlO " 9 )! 2 
The earliest time this is true is at 
t =a/ 4.00 x 10 ” 9 s = | 63.2 jUS | 

(a) The voltage across the inductor is given by 

dq 

(b) The current into the capacitor is so the charge that flows 

into the capacitor is 


q= J / dt = J Ktdt = - K? 
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P32.63 


P32.64 


Going across the capacitor in the direction of the current, the 
potential drops from the positive to the negative side, so 




Kf 
~ 2 C 


(c) When —C(aV c ) 2 >—LI 2 


MSH‘ W 


Thus, the energy in the capacitor begins to exceed the energy in 
the inductor after t= | lyfLC | . 

The total energy equals the energy in the capacitor and inductor: 

2 C 2 C{2) 2 


The flux through each turn of the coil is 


A Li 
B_ /V _ 


where N is the number of turns. 

(a) The inductor has no resistance, therefore it has voltage across it. It 
behaves as a [short circuit| . 

(b) The battery sees an equivalent resistance 
1 


4.00 Q 


4f-L 

U.00! 


=6.67 Q 


1.00 Q 8.00 Q ) 

The battery current is 

m =uoa 

6.67 Cl 

The voltage across the parallel combination of resistors is 
10.0 V-(l.50 A)(4.00 Q) =4.00 V 
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The current in the 8-Q resistor and the inductor is 

^^ = |500mA| 

8.00 Q 1 - 1 

(c) The energy stored in the inductor for t < 0 is 

U B =h-i 2 =i(l.00 H)(0.500 A) 2 = | 125 mj| 


(d) 


The energy becomes 125 mj of additional internal energy in 
the 8-Q resistor and the 4-Q resistor in the middle branch. 


(e) See ANS. FIG. P32.64(e). The current decreases from 500 mA 
toward zero, showing exponential decay with a time constant 

r =4 = ?' Q0H ' =0.083 3 s =8.33 ms 
R 3(4.00 Q) 

500 mA 


0 

0 83.3 ms 

ANS. FIG. P32.64(e) 



P32.65 


P32.66 


The voltages are related as 

£-iR-L— = 0 -a £ =iR +L— =0 
at at 

When the current is increasing: 

9.00 V = (2.00 A)R + L (0.500 A/s) [1] 

When the current is decreasing: 

5.00 V = (2.00 A)R + L (-0.500 A/s) [2] 

(a) Subtracting [2] from [1] gives 

9.00 V-5.00 V = L(1.00 A/s) -a |L =4.00H | 

(b) Substituting the value for L in either equation gives 

7.00 V = (2.00 A )R -a |f? = 3.50 Q| 

(a) Initially, the current is zero because of the emf induced in the coil 
resists an increase in the current, [just after the circuit is| _ 

connected, the potential difference across the resistor is 0 and the| 

emf across the coil is 24.0 V.l 
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(b) After several sec onds, the current has reached a steady value an d 
does not change. [After several seconds, the potential difference! 
Across the resistor is 24.0 V and that across the coil is Q.| 

(c) The resistor voltage and inductor voltage always add to 24 V. The 
resistor voltage increases monotonically, so the two voltages are 
equal to each other, both being 12.0 V, just once. The time is given by 

V = iR = R£/R{ l-e~ Rt/L ) 

Substituting, 

12 V = 24 V(1 - e 6£it/0 ' 005H ) 

0.5 = e" 1 200 f ->1 200 t= In 2 t= 0.578 ms 


The two voltages are equal to each other, both being 12.0 V, 
just once, at 0.578 ms after the circuit is connected. 

(d) There is now no battery in the circuit, so the current decays to 
zero. The resistor and inductor are in parallel because they have 
common connections on each side. [As the current decays the| 
potential difference across the resistor is always equal to the emf| 
across the coil| 

P32.67 (a) At the center, 6- 

So the coil creates flux through itself 

<J> B =BA cos 6 = N U r ' xR 2 cosO° =^N ^niR 
The inductance is 

(b) To find the inductance of the circuit, we compute its radius from 
2 nR =3(0.300 m) -> R =0.143 m 




Then, from the expression found in part(a), the inductance is 
L ~^fJ 0 nN 2 R =^(4nxl0- 7 T-m/A)^:(l 2 )(0.143 m) 
=2.83 xl0“ 7 H 
| L ~ 10~ 7 H | 
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P32.68 


P32.69 


(c) The time constant is 


L 



2.83 xlO' 7 H 
270 Q 


1.05 x 10~ 9 s ~ 110~ 9 s | 



We calculate the angular frequency of the circuit from Equation 32.32: 

1 -(4 

LC \2L) 


(32.0 x IQ’ 3 H)(500 x 10" 6 f) [2(32.0 x 10“ 3 h) 


The fact that the angular frequency at which the circuit oscillates is 
zero tells you that the circuit is critically damped. There will be no 
decaying oscillations. The critical resistance is given by 


R c 



1 4(32.0 x 10“ 3 H) 
V 500 x 10" 6 F 


= 16.0 Q 


which is just the resistance that you are using for your experiment. 
The emf across the inductor is given by 

£=-L^ = -L—= -50— 
dt At At 


where the rate of change of current — is in amperes per second (A/s), 
At 

and the induced emf £ is in millivolts (mV). 


Between t = 0 and t = 

1 ms: 

^=2 

At 

£ = -100 mV 

Between t = 1 ms and 

t = 2 ms: 

O 

II 

£ =0 

Between t = 2 ms and 

t = 3 ms: 

^=1 

At 

£ =-50 mV 

Between t = 3 ms and 

t = 5 ms: 

A i _ 3 
At _ 2 

£ = +75 mV 

Between t = 5 ms and 

t = 6 ms: 

^ = 0 

At 

£ =0 
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The graph of £ is shown in ANS. FIG. P32.69. 

£ (mV) 



-1 (ms) 


P32.70 (a) [/; =/ 2 +/| 

(b) For the left-hand loop. 


\£-i 1 R 1 -i 2 R 2 = 0 


(c) For the outside loop. 


e-ZA-L —= 0 
at 


ANS. FIG. P32.70 


(d) Substitute the equation for i x from part (a) into the equation in 
part (b): 


£ - [i 2 +i)R 1 - i 2 R 2 =0 


. _£-iR 1 
' 2 ~R, +R 2 


Substitute the equation for i x from part (a) into the equation in 
part (c): 


e-(; 2 +;)/),o -> 

Equate the two expressions for i 2 : 
£ 

e-iRr _ dt 

R 1 +R 2 R, 
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P32.71 
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Expanding and solving, 

dt [R, +R 2 J 

£ - iR 1 +i[R 1 +R 2 ) 


R, +R 2 


M 


R, +R 2 




£ +/R, 


R i 


R,+R 2 

£(R 1 +R 2 )-(£ +iR 2 )R 1 _£(R 2 )-(iR 2 )R 1 


And finally, 


R 1 +R 2 

r x r 2 


R 1 +R 2 


R 1 +R 2 Rj +R 2 dt 


Calling £ —£- 
written 


- and R' 


R,R : 


R 1 +R. 


j —, the equation for i can be 


£'-iR'-L=- = 0 
dt 


(e) This is of the same form as the Equation 32.6 in the text for a 
simple RL circuit, so its solution is of the same form as Equation 
32.7: 




where 


R,R 2 
R x +R 2 


£' _£R 2 /[R 1 +R 2 ) _£ 

R' RfiJiR, +R 2 ) Rj 

Thus, 

/ =^(l-e fi ' t/L ) where R' = 

See ANS. FIG. 32.71. The magnetic field 
inside the toroid is given by 

R=Mi 


ANS. FIG. P32.71 
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The magnetic flux through a cross-sectional area A = h(b - a) is given 
by 

=Jsd4 hdr = MiH |* JHOHJ tf\ 

“ 1 \ 2 jcr 2 k {r 2 k I aJ 

Thus, the inductance is 

/ 2?r 

Substituting numerical values, we obtain 

L = H,(500) , (0.010 0 m) J12 : 0an>| = „n 

2tt UO.OcmJ 1 -^ 

P32.72 See ANS. FIG. P23.71. 6 =-^ inside the toroid. 

2k r 

Calculate the flux through a cross-sectional area A = h(b- a): 

o B =Jscm =«^| * = M"U 

“ 1 \2Kr 2 k {r 2 k I aJ 

Thus, the inductance is 


L - 

M^?inf b ) 

/ 

2 k lay 


P32.73 (a) U B =^Li 2 =^(50.0 H)(50.0xl0 3 a) 2 = [6.25xlO 10 J | 

(b) Two adjacent turns are parallel wires carrying current in the same 
direction. Since the loops have such large radius, a one-meter 
section can be regarded as straight. 

Then one wire creates a field of B =-^~. 

2 k r 


This causes a force on the next wire of F = i (tB sin 6, 

giving a force per unit length — =/ sin 90 ° =^—. 
66 F 6 l 2 kt 2 k r 


Evaluating, 


F 

l 


=(4kx1Q- 7 T-iu/a) 


(50.0xlO 3 A) 2 
2 tt( 0.250 m) 


2 000 N/m | 
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P32.74 


P32.75 


For an RL circuit, / =/ ; e - ^ t and 


L(l0- 9 ) _(3.14xl0“ 8 H)(l0- 9 )^ lyr A 
t (2.50 yr) U-16xl0 7 s J 

: | 3.97 x 10~ 25 ol 


(If the ring were of purest copper, of diameter 1 cm, and cross-sectional 
area 1 mm 2 , its resistance would be at least 10” 6 Q.) 

Find the current in the cylinder. 


P = iAV -> / =- 


P_ 

AV 


1.00 xio 9 W 
200 xlO 3 V 


= 5.00xl0 3 


A 


From Ampere's law, 

B(2xr)=u,i mM or B=t&efL 


(a) 



ANS. FIG. P32.75 

At r = a = 0.020 0 m, / enclosed = 5.00 x 10 3 A and 


_(4ttx 10- 7 T-m/A)(5.00xl0 3 a) 

~ 2^(0.020 0 m) 


=0.050 0 T = 50.0 mT 


(b) At r = b = 0.050 0 m, / enclosed = / = 5.00 x 10 3 A and 


_(4^:xl0“ 7 T-m/A)(5.00xl0 3 A) 
~ 2 tt( 0.050 0 m) 


=0.020 0 T = 20.0 mT 
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P32.76 


(c) The energy density is U B =-: 

2/4 


U B =judV =J 


[B(r)f (: Inrtdr) 

2/4 


47T a r 4 tt {a) 


(4ttx 10~ 7 T-m/A)(5.00xl0 3 a) 2 (1000x! 0 3 m) 


( 5.00 cm^j 
1 2.00 cm J 


=2.29 x 10 6 J =| 2.29 MJ | 


(d) The magnetic field created by the inner conductor exerts a force of 
repulsion on the current in the outer sheath. The strength of this 
field, from part (b), is 20.0 mT. Consider a small rectangular 
section of the outer cylinder of length £ and width w. 

It carries a current of (5.00 x 10 3 a) — 7 ——-v 

v ^2^(0.050 0 m)J 


and experiences an outward force 


F =i£BsinO 


(5.00xlO 3 A )w 
' 2^(0.050 0 m) 


4(20.0xlO' 3 T)sin90.0° 


The pressure on it is 

_F _ F _(5.00xl0 3 a) (20.0x 10~ 3 T )yf( 
A w£ 2tt(0.050 0 m w 


= | 318 Pa | 


(a) The magnetic field inside the solenoid is given by B = ^°^ / : 


_(4nxl0- 7 T-m/A)(l400)(2.00 A) 
1.20 m 

=2.93 xl0“ 3 T = |2.93 mT| 



ANS. FIG. P32.76 
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(b) The energy density of the magnetic field is 

B 2 (2.93xlO -3 t) 2 , . j/lN-m) 

Ub 2/j, ^rxlPT^VA] ^ 1 j J 

=3.42 N/m 2 =| 3.42 Pa | 

(c) The supercurrents must be clockwise to produce a downward 
magnetic field to cancel the upward field of the current in the 
windings. 

(d) The field of the windings is upward and radially outward around) 
die top of the solenoid. It exerts a force radially inward and| 
upward on each bit of the clockwise supercurrent. The total force) 
on the supercurrents in the bar is upward.) You can think of it as a 
force of repulsion between the solenoid with its north end 
pointing up, and the core, with its north end pointing down. 

(e) F =PA =(3.42 Pa)^(l.l0xl0“ 2 mf] =1.30 xl(T 3 N = | 1.30 mN | 

Note that we have not proved that energy density is pressure. In 
fact, it is not in some cases. Chapter 21 proved that the pressure is 
two-thirds of the translational energy density in an ideal gas. 

P32.77 From Ampere's law, the magnetic field at distance r < R is found as: 


i2nr)=p 0 j(nr 2 )=p 0 


[nr 2 ),, or 6=- 1 


The magnetic energy per unit length within the wire is then 

^ =]^l2„rdr) Jr= dr =^|A] 

e {2^' 4kR 4 J 4kR*I,4J 16k 

This is independent of the radius of the wire. 


Challenge Problems 

P32.78 (a) It has a magnetic field, and it stores energy, so 

, 2L/ b . 

L - is non-zero. 

I 2 _ 

(b) Every field line goes through the rectangle between the 
conductors. 
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(c) When the wires carry current i, magnetic flux passes through the 
rectangle bordered by the wires (surface to surface of the wires): 


L 


O 


fl BM 


where y is measured from the center of the lower wire, dA is a 
rectangular area element of length x and width dy, and B is the 
magnitude of the net magnetic field generated by the upper and 
lower wires that passes through dA. The inductance is 


L 



W ! W 
2 ny 2n[w-y) 


\xdy 


We can simplify this calculation by noting that by the symmetry 
of the arrangement, each conductor contributes equally to the 
field that passes through the area between them. Thus, the total 
inductance of both wires is twice the inductance of one wire. The 
inductance due to the lower wire is 


£ ”- =71 jfy Xdy= ^ H" ’ 

i 

2 KVa) 


The inductance due to both wires is twice this: L =^^ln 


P32.79 


The total magnetic energy is the volume integral of the energy density. 



Because B changes with position, u B is not constant. For B= B 0 




Next, we set up an expression for the magnetic energy in a spherical 
shell of radius r and thickness dr. Such a shell has a volume 4 n r 2 dr, so 
the energy stored in it is 


dU B =u B [4nr 2 dr) = 


2 7r5 0 2 f?M 

M> J 


dr 

r 2 
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We integrate this expression for r = R to r = °° to obtain the total 
magnetic energy outside the sphere. This gives 


2 nB 2 n R 3 


Substituting numerical values, 

_2 tiB 2 0 R 3 _2^:(5.00x10“ 5 t) 2 (6.00x10 6 mf 
B Ijq (4tt x 10~ 7 T-m/A) 

= | 2.70x10^ 


P32.80 


(a) While steady-state conditions exist, a 9.00 mA flows clockwise 
around the right loop of the circuit. Immediately after the switch 
is opened, a 9.00 mA current will flow around the outer loop of 
the circuit. Applying Kirchhoff's loop rule going clockwise 
around this loop gives: 

-+£-[(2.00 +6.00)xlO 3 Q](9.00xl0" 3 a)=0 
£ = | 72.0 V | 

(b) Starting at point a, the potential rises across the inductor then falls 
across resistors R 2 and R r The positive answer in part (a) means 
that | point b | is the higher potential. 

(c) The currents in R t and R 2 are shown in ANS. FIG. P32.80(c).below. 
After t = 0, the current in R, decreases from an initial value of 

9.00 mA according to i = f 1 <r Kf/L . Taking the original current direction 
as positive in each resistor, the current decreases from +9.00 mA (to 
the right) to zero in R v In R 2 the current jumps from +3.00 mA 
(downward) to -9.00 mA (upward) and then decreases in 
magnitude to zero. The time constant of each decay is 0.4 H/8 000 
Q = 50 ps. Thus we draw each current dropping to 1/e = 36.8% of 
its original value = 3.3 piA at the 50 pis instant. 



V 


ANS. FIG. P32.80(c) 
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P32.81 


(d) After the switch is opened, the current around the outer loop 
decays as 

/ = /,-e Rt/i 


with I { = 9.00 mA, R = 8.00 k£2, and L = 0.400 H. 

Thus, when the current has reached a value i = 2.00 mA, the 
elapsed time is: 


=7.52 xlO' 5 s 


U.OOxhT Q ) 
=| 75.2 IJ s | 


9.00 mA ^j 
2.00 mA ) 


When the switch is closed, as shown in ANS. FIG. P32.81(a), the 
current in the inductor is i: 


12.0-7.50/-10.0 = 0 -> /= 0.267 A 


When the switch is opened, as shown in ANS. FIG. P32.81(b), the 
initial current in the inductor remains at 0.267 A. Across resistor R and 
the armature, iR = AV and 


(0.267 A )R <80.0 V -> | R<300 Q 



ANS. FIG. P32.81 


!f 'P32.82 (a) 


After a long time, 

. £ 12.0 V 

~ R~ 12.0 Q 


1.00 A | 


(b) With the switch thrown to position b, the 
emf is no longer part of the circuit. The 
initial current is 1.00 A: 


AV 12 =(1.00 A)(12.00 Q) = | 12.0 V | 



ANS. FIG. P32.82 


AV lW0 =(1.00 A)(l 200 Q) = | 1.20 kV | 


AV l =AV r =1 200 V +12.0 V = | 1.21 kV 
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P32.83 


(c) With the switch thrown to position b, £ = 0, so 

AV l =AV r =iR eff =/'(! 200 Q +12.0 Q) =/(l.21 kO) 


Then, when the voltage across the inductor has reached 12.0 V, 



12.0 V 
1.21 kQ 


= 9.90 x 10~ 3 


A 


The current in the inductor decays as / = /,e Rt/L . Solving for the 
time t, 



100a 3 ) 
1.21 kOj v 9.90 x 10~ 3 A ) 


17.62x10 3 s | 


With i = i t + i 2 , the voltage across the pair is: 


A V = -L 1 


dt 


dt 


-L 


of 
eq dt 


and 



/(o—► no—»► 



(a) (b) 

ANS. FIG. P32.83 


[ 1 ] 

[ 2 ] 


So, from [1], we have 

_di 1 = AV_ M di 2 
dt L, L, dt 


which, when substituted into [2], gives 



(~L,L 2 +M 2 ) 


From [2], - 


d± 

dt 



m^) =AV 

L , L, dtj 

+ =A V(L t -M) 

M di 1 
L 2 dt' 


[3] 
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which, when substituted into [1], gives 


. Li ^ +m (^ + ^a) =av 


{ L, L dt 
(-L l L 2 +M 2 )^=AV(L I -M) 


Adding [3] to [4], we have 


(-L,L 2 +M 2 )^ =AV(L 1 +L 2 - 2M) 


S / - A1/ - M-2-m 2 

°' eq di/dt L 1 +L 2 -2M 


[ 4 ] 
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lNSWERS to even-numbered problems 


P32.2 1.36 pH 

P32.4 (a) 1.97 mH; (b) 38.0 mA/s 

P32.6 (a) 188 pT) (b) 3.33x 10“ 8 T• m 2 ; (c) 0.375 mH; (d) B and O e are 

proportional to current: L is independent of current. 

P32.8 (a) 5.90 mH; (b) 23.6 mV 

P32.10 9.77 mm 

P32.12 See P32.12 for full explanation. 

P32.14 See ANS. FIG. P32.14. 

P32.16 (a) 0.139 s; (b) 0.461 s 

P32.18 See ANS. FIGs. P32.18(a), (b), and (c). 

P32.20 7.67 mH 

P32.22 See P32.22 for full explanation. 

P32.24 (a) 2.00 ms; (b) 0.176 A; (c) 1.50 A; (d) 3.22 ms 

P32.26 (a) (b) 

P32.28 For t< 0, the current in the inductor is zero; for 0 <t< 200 ps, 
i L =(l0.0 A)(l-e 10000t/s ); for t>200 ps ,, (63.9 A)e 10000t/s 

P32.30 (a) See P32.30(a) for full explanation; (b) See P32.30(b) for full 

explanation; (c) See P32.30(c) for full explanation; (d) Yes. See P32.30(d) 
for full explanation. 

P32.32 64.8 mj 

P32.34 (a) 20.0 W; (b) 20.0 W; (c) 0; (d) 20.0 J 

P32.36 — 

2 R 

P32.38 (a) 66.0 W; (b) 45.0 W; (c) 21.0 W; (d) The power supplied by the 

battery is equal to the sum of the power delivered to the internal 
resistance of the coil and the power stored in the magnetic field; 

(e) Yes; (f) Just after t = 0, the current is very small, so the power 
delivered to the internal resistance of the coil (iR 2 ) is nearly zero, but 
the rate of the change of the current is large, so the power delivered to 
the magnetic field ( Ldi/dt ) is large, and nearly all the battery power is 
being stored in the magnetic field. Long after the connection is made, 
the current is not changing, so no power is being stored in the 
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P32.40 

P32.42 

P32.44 

P32.46 

P32.48 

P32.50 

P32.52 


P32.54 

P32.56 

P32.58 

P32.60 


P32.62 

P32.64 

P32.66 


P32.68 


magnetic field, and all the battery power is being delivered to the 
internal resistance of the coil. 

80.0 mH 
1.73 mH 

(a) M 12 =/J 0 nR 2 2 N 1 N 2 /£;(b) M 12 =/J 0 nR 2 2 N 1 N 2 /£;(c) They are the 
same. 

(a) See P32.46(a) for full explanation; (b) 3.95 nH 
608 pF 
0.220 H 


If the energy is split equally between the capacitor and inductor at 
some instant, the energy would be half this value, or 200 pi]. Therefore, 
there would be no time when each component stores 250 pi]. 

(a) 6.03 J; (b) 0.529 J; (c) 6.56 J 
See P32.56 for full explanation. 

(a) 4.47 krad/s; (b) 4.36 krad/s; (c) -2.53% 

(a) See P32.60(a) for full explanation; (b) • ( c ) B=/jJ s , zero; 

2 

U 1 2 

(d) ; (e) The energy density found in part (d) agrees with the 

2 

magnetic pressure found in part (b). 

(a) -LK; (b) - —; (c) 2jLC 


(a) short circuit; (b) 500 mA; (c) 125 mj; (d) The energy becomes 125 mj 
of additional internal energy in the 8-Q resistor and the 4-Q resistor in 
the middle branch; (e) See ANS FIG P32.64(e). 

(a) Just after the circuit is connected, the potential difference across the 
register is 0, and the emf across the coil is 24.0 V; (b) After several 
seconds, the potential difference across the resistor is 24.0 V and that 
across the coil is 0; (c) The two voltages are equal to each other, both 
being 12.0 V, just once, at 0.578 ms after the circuit is connected; (d) As 
the current decays, the potential difference across the resistor is always 
equal to the emf across the coil. 

See P32.68 for full explanation. 
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P32.70 (a) i x = f 2 + z; (b) £ - / 1 « 1 - i 2 R 2 = 0; (c) £ - /'R 1 - L — = 0; 

dt 

di 

(d) £'-iR'-L— = 0; (e) See P32.70(e) for full explanation. 
dt 

P32.72 ^ — Inf—1 

2tt UJ 

P32.74 3.97 x 10“ 25 Q 

P32.76 (a) 2.93 mT; (b) 3.42 Pa; (c) The supercurrents must be clockwise to 

produce a downward magnetic field to cancel the upward field of the 
current in the windings; (d) The field of the windings is upward and 
radially outward around the top of the solenoid. It exerts a force 
radially inward and upward on each bit of the clockwise supercurrent. 
The total force on the supercurrents in the bar is upward; (e) 1.30 mN 

2 u 

P32.78 (a) It has a magnetic field, and it stores energy, so L = is non-zero; 

(b) Every field line goes through the rectangle between the conductors; 

(c) See P32.78(c) for full explanation. 

P32.80 (a) 72.0 V; (b) point b; (c) See ANS. FIG. P32.80(c); (d) 75.2 ps 

P32.82 (a) 1.00 A; (b) A\/ 12 = 12.0 V, A\/ 1200 = 1.20 kV, AV L = 1.21 kV 
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Alternating-Current Circuits 


CHAPTER OUTLINE 


33.1 AC Sources 

33.2 Resistors in an AC Circuit 

33.3 Inductors in an AC Circuit 

33.4 Capacitors in an AC Circuit 

33.5 The RLC Series Circuit 

33.6 Power in an AC Circuit 

33.7 Resonance in a Series RLC Circuit 

33.8 The Transformer and Power Transmission 

33.9 Rectifiers and Filters 

|* An asterisk indicates a question or problem new to this edition.) 


lNSWERS to objective questions 


OQ33.1 Answer (c). When a power source, AC or DC, is first connected to a 
R L combination, the presence of the inductor impedes the buildup of 
a current in the circuit. The value of the current starts at zero and 
increases as the back emf induced across the inductor decreases in 
magnitude. 

OQ33.2 (i) Answer (e). Inductive reactance, X L =coL , doubles when the 

frequency doubles, so the rms current is halved 
(^ s = AV nns /X I ). 


(ii) 


Answer (b). Capacitive reactance, X c = 1/coC , is cut in half 
when frequency doubles, so the rms current doubles 


(U =AV m ,/X c ). 


(iii) Answer (d). The resistance remains unchanged (l ms =AV rms /R). 

518 
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OQ33.3 


OQ33.4 


OQ33.5 


OQ33.6 


OQ33.7 


Answer (a). The voltage across the capacitor is proportional to the 
stored charge. This charge, and hence the voltage AV C , is a 
maximum when the current has zero value and is in the process of 
reversing direction after having been flowing in one direction for a 
half cycle. Thus, the voltage across the capacitor lags behind the 
current by 90°. The capacitive reactance, X c =1 /coC , decreases as 
frequency increases, causing the impedance to decrease and the 
current to increase. 


(i) Answer (d). At/ =— 


(ii) Answer (c). The average of the squared voltage is 

([AV] 2 ) = Then its square root is AV ims = A ^| ax . 

Answer (d). If the voltage is a maximum when the current is zero, the 
voltage is either leading or lagging the current by 90° (or a quarter 
cycle) in phase. Thus, the element could be ether an inductor or a 
capacitor. It could not be a resistor since the voltage across a resistor 
is always in phase with the current. If the current and voltage were 
out of phase by 180°, one would be a maximum in one direction 
when the other was a maximum value in the opposite direction. 

(i) Answer (e). The voltage varies between +170 V and -170 V. 

(ii) Answer (c). The average of a sine waveform is zero. 

(iii) Answer (b). AV^ =AV max /y/2 =170 V/V2 =120 V- 
(i) 


Answer (a). We have: 

z=^/F 


4 


(X L -X C ) coL-—) 


(20.0 Q) 2 + 2tt( 500 Hz)(l20xl0“ 3 H) 


1 


(ii) 


2tt(500 Hz)(0.750x10“ 6 F)J 

Z = 51.5 0 

and 7^ =AV rms /Z =(120 V)/(51.5 Q) =2.33 A . 

Answer (b). At the resonance frequency, X L =X C and the 
impedance is Z =<Jr 2 +(x, - X c f =R . Thus, the rms current is 
7 rms =Ay ms /Z =(l20 v)/(20.0 q) =6.00 A 
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OQ33.8 Answer (e) is false. In an R L C circuit, the instantaneous voltages Av R , 
Av l , and Av c (across the resistance, inductance, and capacitance 
respectively) are not in phase with each other. The instantaneous 
voltage Av r is in phase with the current, Av L leads the current by 90°, 
while Av c lags behind the current by 90°. The instantaneous values 
of these three voltages do add algebraically to give the instantaneous 
voltages across the RLC combination, but the rms voltages across 
these components do not add algebraically. The rms voltages across 
the three components must be added as vectors (or phasors) to obtain 
the correct rms voltage across the RLC combination. 

OQ33.9 Answer (c). At resonance the inductive reactance and capacitive 
reactance cancel out. 

OQ33.10 Answer (c). At resonance the inductive reactance and capacitive 
reactance add to zero: (f> = tan'[(X L - X c )/R ] = 0. 

OQ33.11 The ranking is (a) > (d) > (b) > (c) > (e). At the resonance frequency 
f 0 = 1 000 Hz both X L and X c are equal: call their mutual value X. A 
high-Q value means the resonance has a small width, so X L and X c 
are also much larger than R at f 0 . Inductive reactance X L is 
proportional to frequency, and capacitive reactance X c is inversely 
proportional to frequency. In terms of X, the choices have the values: 
(a) f= f 0 /2, so X c =2X. (b) f = 3f 0 /2, soX c = 2X/3. (c) f = f 0 /2, soX L = 

X/2. (d) f = 3f 0 /2, so X L = 3X/2. (e) R is independent of frequency, and 
R is less than X. Thus, we have (a) 2X > (d) 3X/2 > (b) 2X/3 > (c) X/2 > 
(e) less than X. 

OQ33.12 Answer (e). The battery produces a constant current in the primary 
coil, which generates a constant flux through the secondary coil. 

With no change in flux through the secondary coil, there is no 
induced voltage across the secondary coil. 

OQ33.13 Answer (c). AC ammeters and voltmeters read rms values. With an 
oscilloscope you can read a maximum voltage, or test whether the 
average is zero. 


JMSWERS TO CONCEPTUAL QUESTIONS 


CQ33.1 (a) The Q factor determines the selectivity of the radio receiver. For 

example, a receiver with a very low Q factor will respond to a 
wide range of frequencies and might pick up several adjacent 
radio stations at the same time. To discriminate between 
102.5 MHz and 102.7 MHz requires a high-Q circuit. 
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CQ33.2 


CQ33.3 


CQ33.4 


CQ33.5 


CQ33.6 


CQ33.7 


(b) Typically, lowering the resistance in the circuit is the way to get 
a higher quality resonance. 

(a) The second letter in each word stands for the circuit element. 

For an inductor L, the emf £ leads the current /—thus ELI. For a 
capacitor C, the current leads the voltage across the device. In a 
circuit in which the capacitive reactance is larger than the 
inductive reactance, the current leads the source emf—thus ICE. 

(b) CIVIL - in a capacitor C the current (I) leads voltage 
(represented by V), voltage leads current in an inductor L. 

The voltages are not added in a scalar form, but in a vector form, as 
shown in the phasor diagrams throughout the chapter. Kirchhoff's 
loop rule is true at any instant, but the voltages across different 
circuit elements are not simultaneously at their maximum values. Do 
not forget that an inductor can induce an emf in itself and that the 
voltage across it is 90° ahead of the current in the circuit in phase. 

(a) In an R L C series circuit, the phase angle depends on the source 
frequency. At very low frequency, the capacitor dominates the 
impedance and the phase angle is near -90°. At very high 
frequencies, the inductor dominates the impedance and the 
phase angle is near -90°. 

(b) When the inductive reactance equals the capacitive reactance, 
the frequency is the resonance frequency; the phase angle is 
zero. 

In 1881, an assassin shot President James Garfield. The bullet was lost 
in his body. Alexander Graham Bell invented the metal detector in an 
effort to save the President's life. The coil is preserved in the 
Smithsonian Institution. The detector was thrown off by metal 
springs in Garfield's mattress, a new invention itself. Surgeons went 
hunting for the bullet in the wrong place. Garfield died. 

(a) The person is doing work at a rate of P =Fvcos6. 

(b) Compare the previous equation to P =AV rms I ims cos (j ). One can 
consider the emf as the "force" that moves the charges through 
the circuit, and the current as the "speed" of the moving 
charges. The cos 6 factor measures the effectiveness of the cause 
in producing the effect. Theta is an angle in real space for the 
vacuum cleaner and phi is the analogous angle of phase 
difference between the emf and the current in the circuit. 

The circuit can be considered an RLC series circuit. 

(a) Yes. The circuit is in resonance because the inductive reactance 
and capcitive reactance are equal, so the total impedance Z = R. 
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(b) Total power output by the emf P emf = l 2 R total , where R total = 10 Q 
(source resistance) + 10 £2 (load resistance) = 20 Q. Power 
delivered to the load P load = l 2 R L , where R L = 10 Cl Fraction of 
average power delivered to the load to average power delivered 
by the source of emf: 

Pioad _ I 2 R load P L P, _ 10 Q _ 5 

P emf I%o tal Ptotal Psou.ce + P L _ 20 Q “ 

(c) The resistance of the load could be increased to make a greater 
fraction of the emf's power go to the load. Then the emf would 
put out a lot less power and less power would reach the load. 

CQ33.8 No. A voltage is only induced in the secondary coil if the flux 

through the core changes in time. No changing current, no changing 
flux, no induced voltage. 

CQ33.9 (a) The capacitive reactance is proportional to the inverse of the 

frequency. At higher and higher frequencies, the capacitive 
reactance approaches zero, making a capacitor behave like a 
wire. 

(b) As the frequency goes to zero, the capacitive reactance 
approaches infinity—the resistance of an open circuit. 

CQ33.10 The ratio of turns indicates the ratio of voltages: N 1 /N 2 =AV l /AV 2 , 
where AV 2 = 120 V; therefore, AV 1 = 12 kV. In its intended use, the 
transformer takes in energy by electric transmission at 12 kV and 
puts out nearly the same energy by electric transmission at 120 V. 
With the small generator putting energy into the secondary side of 
the transformer at 120 V, the primary side has 12 kV induced across 
it. It is deadly dangerous for the repairman. 


IQLUTIONS TO END-OF-CHAPTER PROBLEMS 


Section 33.1 AC Sources 

Section 33.2 Resistors in an AC Circuit 

P33.1 (a) The rms voltage across the resistor is given by 

AV* /nns =I ims R =(8.00 A)(12.0 Q) = |96.0 V| 
(b) From Equation 33.5, 

AV R/max =>/2(AV R>nns ) =V2(96.0 V) = |136 V| 
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P33.2 


P33.3 


P33.4 


(c) From Equation 33.4, 

I max =V2I rms =V2(8.00 A) = |ll.3 A| 

(d) P avg =(8.00 A) 2 (12.0 Q) = |768W| 

The rms voltage is 


(a) P 


(b) R = 


,kJ 

R 

(120 V) 2 


(l20 V) 2 


100 w 1 - 1 

Each meter reads the rms value. 

AV (lOO V/V2) ._. 

(a) I ^ - L ' = |2.95 A| 






24.0 Q 


(b) The voltage across the resistor is the same as that across the 
power supply: 

AV lOOf ,_, 

"1 70.7 V 


AV 


V2 V2 

AV max = 100 V 

e- 


L®-T 

ANS. FIG. P33.3 

(a) We compute the peak voltage from the rms voltage: 

AV R max =V2(AlO=V2(l20 V) = |170 V| 

(b) From the definition of power, 

AV 2 


=PR = 


R 


Solving for the resistance. 


R= Aj^,(l20VF = ^ n5 ^ 

P 60.0 W I-1 
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P33.5 


P33.6 


(c) 


Because P av . 


(A Vjf ^ 

R 

resistance than a 60.0-W bulb. 


M^= ( 100-W bulb has less 

P 


Av ( AV max \ 

The current as a function of time is i =— =1 ——— Isintyf. Given the 
value of t , we want to identify a point with 
„AV max _AV ma 
~R iT 
cot = sin -1 0.600 


0.600- 


-sin (cot) 


To find the lowest frequency we choose the smallest angle satisfying this 
relation: 

(0.007 00 s)co =sm 1 (0.600) =0.644 rad 


Thus, co =91.9 rad/s =2 n f so | / =14.6 Hz | 


(a) From Equation 33.3, Av R =AV max sin cot. To find the angular 
frequency, we write 

Av r =0.250 (AV max ) 
so sin cot =0.250 


or cot =sin 1 (0.250) 


The smallest angle for which this is true is cot =0.253 rad . Thus, if 
t = 0.010 0 s. 


co 


0.253 rad 
0.010 0 s 


=| 25.3 rad/s] 


(b) 


The second time when Av R =0.250(AV max ), cot =sin 1 (0.250) 
again. For this occurrence, cot =tt- 0.253 rad =2.89 rad (to 
understand why this is true, recall the identity sin(^ - 0) =sin0 
from trigonometry). Thus, 


. 2.89 rad 
25.3 rad/s 


0.114 s | 
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P33.7 


P33.8 


We are given AV max = 15.0 V and R total = 8.20 Q + 10.4 Q = 18.6 Q. The 
maximum current in the circuit is 


I max 


AV max _ 15.0 V 
Xtai "18.6 0 


=0.806 A =V2 I ms 


And the power delivered to the speakers is 

=1=( 5;5 7r^) < 10 ' 4 Q > = 13.38 w| 


All lamps are connected in parallel with the voltage source, so 
AV^ =120 V for each lamp. Also, the current is I rms =P avg /AV nns and 
the resistance is R =AV rms /I ims . 


(a) For the 150-W bulbs, 

A =1 . 25 a 

m “ 120 V 
For the 100-W bulb. 


I =0.833 A 

rms 120 V 


[ The rms current in each 150-W bulb is 1.25 A. The rms current in| 


i jfae 100-W bulb is 0.833 A:| ;' 

(b) The resistance in bulbs 1 and 2 is 

R =R =1 9 6 .o ^ I 

1 2 1.25 A 1 - 1 

and the resistance in bulb 3 is 

„ 120 V 


0.833 A 


- = 144 Q 


(c) The bulbs are in parallel, so 


1 _ 1 1 1 _ 1 1 1 
R^~Y, + Y 2 + Y 3 ~ 96.0 Q + 96.0 Q + 144 Q 

R^ = [3MQ] 
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Section 33.3 Inductors in an AC Circuit 
P33.9 Inductive reactance is proportional to frequency. 
At 50.0 Hz, 

*\ = r 

x L f 

X\ =X L — = 50,0Hz (54.0 o) =45.0 Q 
L L f 60.0Hz v ' 

The maximum current is 


P33.10 


j = AKj» _ V2(AV_) _ V2 (lOO V) 1 — — 

max X L X L 45.0 Q. Lx- 

Ay 

(a) X l =coL=Y^ 


L 


Ay max _ 100 v 

coI max 27T(50.0 Hz)(7.50 A) 


= 10.0424 H | 


(b) From f max = ^ max =—we see that is current inversely 
proportional to angular frequency: 

I max _o/ 

I' max co 

ro' =®L^ =[2zt(50.0 Hz)]L^A =1942 rad/s I 
I' L ' y 2.50 A 1 - 


P33.ll The inductive reactance is 


X L = coL= (65.0 7Ts -1 )(70.0 x 10' 3 V • s/A) = 14.3 Q 
The amplitude of the current is 
Ay max _ 80.0 V _ 

X r “ 14.3 Q ' 


1 =- 


=5.60 A 


Equation 33.7 lets us evaluate the current: 

i = — 7 max coscot =-(5.60 A)cos[(65.0tt s _1 )(0.015 5 s)] 
=-(5.60 A)cos(3.17 rad) = | 45-60 A| 
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P33.12 


P33.13 


P33.14 


The relationship between current, inductance, and maximum voltage 
is 


J 


_(AV t „„/V2) _ AV Li , 


X L coL V2(2 n)fL 

In order to restrict the current to I rms < 2.00 x 10 -3 A, we require 

AV L/max 


V2(2 n)fL 


< 2.00 x 10“ 3 A 


Solving for the inductance then gives 

L> _ ^ _ 

V2(2^)/(2.00xl0“ 3 A) 

__ 4.00 V _ 

“ V2 (2tt)(300.0 Hz)(2.00xl0“ 3 A) 

or L> |0.750jg 

(a) X t =2 nfL =2;r(80.0 Hz)(25.0 x 10' 3 h) = |12.6Q| 


(b) 

(c) 


_ AV L,rr 


78.0 V 


= |6.21 A| 


X L X L 

=y/2 / ms =V2(6.21 A) = |8.78 A| 


In the inductor, because U B =^Li 2 L =0 when t = 0, i L =/ max sin(cot). 
Then, 


AV rms _ AV rms = 120 V =15 9 A 

' X t coL [2^(60.0) s _1 ](0.020 0 H) 


and I max =V2 I ims =V2 (15.9 A) =22.5 A 

the current in the inductor is 


i L = I max sin® f = (22.5 A)sin|^2;r(60.0) s sj 

= (22.5 A)sin 120° = 19.5 A 
and the energy stored is 

U B =hj 2 L =^(0.020 0 H)(19.5 A) 2 = | 3.80 J | 
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P33.15 The flux <D B through each turn of the inductor is related to the 
inductance by 



Then, for an N-turn inductor, 

_x t K„ 


NO r 


no b 


, =LI 




0) 


_j2(AV L/ro 
2 *'f 


X L 

120 V 

_ V2tt(60.0 ! 


zn = | 0.450 Wb 1 


P33.16 We are given: Az; =120 sin 30.0/h where Ay is in volts and 1 in 
seconds, and L = 0.500 H. 

(a) By inspection, co =307T rad/s, so 

o L= 30njadis =mnIl 
1 2 % 2 % 1 - 1 

(b) Also by inspection, AV Lmax =120 V, so that 


(c) 


AV imax _120 V 

V2 " V2 


= |84.9 V| 


X L =2 nfL —ojL =(30 n rad/s)(0.500 H) = |47.1 Q| 


(d) I m =- 

(e) I m 


AVj t 


84.9 V 


= |1.80 A| 


X L 47.1 Q 

=>/2(l.80 A) = |2.55 A| 


Section 33.4 Capacitors in an AC Circuit 

P33.17 Current leads voltage by 90° in a capacitor, and because charge is 
proportional to voltage, current leads charge by 90°. If Ay c = 

A V max sin cot, then q =C (A V max ) sin co t so that the stored energy is 


U c =0 when 1 = 0. Therefore, the current is given by 

z'c = I max sin (cot + 90°) = A ^ max sin(ft) t + 90°) 

X c 

The capacitive reactance is 
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P33.18 


P33.19 


Xc o)C 2n (60.0/s)(l.00x 10" 3 C/v) 2-65 Q 


and the current at t = -s is 

180 


X L 

_V2(120 V) 


sin((yf +$) 

[ 2jr < 60 - 0s - I )(is s ) + f] 


2.65 Q 
=-32.0 A 

The magnitude of the current is |32.0 A| . 
(a) X c =; 1 - 1 


(b) L 


2nfC 2^(60.0 Hz)(l2.0x 1CT 6 f) ' 
AV C ms 36.0 V 


= |0-163 A| 


X c 221Q 

(c) I max =V2 7 ms = |0.230 A| 

(d) | No. | Current leads voltage, and thus charge, by 90° in a 
capacitor. The current reaches its maximum value one-quarter 
cycle before the voltage reaches its maximum value. From the 
definition of capacitance, the capacitor reaches its maximum 
charge when the voltage across it is also a maximum. 
Consequently, the maximum charge and the maximum current 
do not occur at the same time. 

(a) We require X c = ^ < ^ / or 

-7---t— v <175 Q 

2^:/(22.0 x 10“ 6 F) 

Solving, 


_ 1 _ , 

27T (22.0 x 10 -6 f)(175Q) K 


or / >41.3 Hz 
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(b) As a function of capacitance C, X c (C) °so 
X c (C = 44.0 /uF) = ^X c (C = 22.0 jiF) 

or new X r =— oldX r . 

c 2 c 

Therefore, | X c <87.5 Qj 
P33.20 (a) By inspection, AV Cmax = 98.0 V, so 


A V r _ = Ayc ^ ax =|69.3 V| 

c ' ms V2 V2 1 - 1 

(b) Also by inspection, ro =80tt rad/s, so 


= ffl_ = 80^ rad/s 
2 n rad 




(c) We can find the capacitive reactance from 


X r = 


AW, 


98.0 V 


=196 Q 


and since 


L 2k fC coC 

solving for the capacitance gives 

C =— =7 - K-. -t =2.03 x 10“ 5 F =|20.3 juFl 

(oX c (80 k rad/s)(196 Q) 1 -^ 

P33.21 We combine the steps in the equation 

AV 


X, 


- =AV max coC =AV max (2 nfC) 


Then, 


I max =(48.0 V )(2 tt )(90.0 Hz)(3.70x10' 6 f) = | 100 mA | 
P33.22 The maximum charge is given by 


Q max =C(AV max ) =C[V2(AWJ] = | V2C( AVj) \ 
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P33.23 The maximum current in the capacitor is given by 

I max =V2J mis = ^ AVrnis ^ =j2(AV rms )2nfC 

x c 

(a) For the North American electrical outlet, 

I max =V2(120 V)2^(60.0/s)(2.20xl0^ C/v) = | 141 rr^Aj 

(b) For the European electrical outlet, 

I max =V2(240 V)2^(50.0/s)(2.20xl0“ 6 f) = | 235 mA | 


Section 33.5 The RLC Series Circuit 

P33.24 We first determine the reactances of the circuit. The capacitive 
reactance is 

X c =— =-7-- t -r =49.0 Q 

c co C 2^(50.0)(65.0xl0^ F) 

the inductive reactance is, 

X L =coL =2n (50.0)(l85 x 10 -3 h) =58.1 Q 

and the impedance Z of the circuit is 

Z =^R 2 +(X l -X c ) 2 =7(40.0 £2) 2 +(58.1 Q-49.0 Q) 2 
=41.0 Q 

The current in the circuit is then 



ANS. FIG. P33.24 


(a) The maximum voltage between points a and b is the potential 
drop across the resistor: 

AV r =I max R =(3.66 A)(40.0 Q) = | 146 V | 

(b) The maximum voltage between points b and C is the potential 
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drop across the coil: 

AV l =I max X L =(3.66 A)(58.1 O) =212.5 V = | 212 V | 

(c) The maximum voltage between points C and d is the potential 
drop across the capacitor: 

Ay c =Z max X c =(3.66 A)(49.0 Q) =179.1 V = | 179 V | 

(d) The potential drop between points b and d is 

AV L - AVc =212.5 V -179.1 V = | 33.4 V | 

P33.25 The resistance of the circuit is R = 300 Q. The inductive reactance of the 
circuit is 

X L =03 L =2tt(^ s" 1 j (0.200 H) =200 Q 
The capacitive reactance of the circuit is 

X c =^ =^2 tt(^ s’ 4 ^ll-OxHT 6 F)j =90.9 Q. 

The impedance of the circuit is 

Z =^R 2 +(X L -X C ) 2 =^(300 Q) 2 +(200 Q-90.0 Q) 2 =319 Q 

and 

^ tan -.fWl =tan -4Milz^l =2 o.o. 

{ R J l 300 Q ) 

The phasor diagram is shown in ANS. FIG. P33.25. 



P33.26 (a) From the time dependence of the voltage, we recognize that 

03 =100 s" 1 . The resistance of the circuit is R =68.0 Q, the 
inductive reactance of the circuit is 

X t =03L =(l00 s _1 )(0.160 H) =16.0 Q 
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P33.27 


The capacitive reactance of the circuit is 

X r =— =7 - jtt — -t— r =101 £2 

c coC (100 s )(99.0xl0 -6 F) 

Therefore, the impedance of the circuit is 

Z^R’+fc-Xj 

=7(68.0 Q ) 2 +(l6.0 £2-101 £2 ) 2 = | 109 £2 


(b) 

The maximum current in the circuit is 


AV 

40.0 V 1 _ . 


T = - 

=-= 0.367 A 


max z 

109 £2 1- 

(c) 

00 =100 rad/s 


(d) 

We find (f) from 



r { R ) y 68.0 £2 ) 

=-0.896 rad = |-51.3°| 

(a) The inductive reactance of the circuit is 

X L =coL =2tt( 50.0 s _1 )(l50x 10 “ 3 h) = | 47.1 £2 ] 


(b) The capacitive reactance of the circuit is 

X C =^ =[2tt(50.0 s _1 )(5.00x 10 “ 6 f )]" 1 = [637£2] 

(c) The impedance of the circuit is 


AV 


_ 240 V 
"O.IOO A 


=2.40 xlO 3 £2= 2.40 kQ 


(d) From the definition of impedance, 

z^+fx.-xj 2 

Solving for the resistance gives 

R=^zMxXVF 

=^(2.40x 10 3 q) ! - (47.1 Q-637 of 
=2.33xlO 3 £2= |2.33 k£21 


(e) 



47.1 £2-637 
2.33 x 10 s £2 J 


-14.2° 
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P33.28 


P33.29 


P33.30 


From the definitions of inductive and capacitive reactance, X L =co L 

and X c . Setting these equal and solving for the angular 
coC 

frequency gives 


co C 
1 


VLC yj(57.0 x 10" 6 )(57.0 x 10 H 


r =1.75xl0 4 rad/s 


Then, 


/ =— = 2.79 kHz 
J 2k 1 - 1 


The reactance of the inductor is 

X t =2 nfL =2tt( 60.0 s _1 )(0.460 H) =173 O 


The reactance of the capacitor is 

X r =— =—=—t -rr/- t— r =126 Q 

c fflC 2^:/C 2zr(60.0 s“ 1 )(21.0 x HT 6 F) 


(a) cj) =tan 1 


=tan 1 ^ 


173 O - 126 Q 


(b) Since X L >X C , 0 is positive, so | voltage leads the current | . This 
means that the power-supply or total voltage goes through each 
maximum, zero-crossing, and minimum earlier in time than the 
current does. 

The Phasors for the three cases are shown in ANS. FIG. P33.30. 

(a) 25.0 sin cot at cot = 90.0° 

(b) 30.0 sin cot at cot= 60.0° 

(c) 18.0 sin cot at cot= 300° 



v 


ANS. FIG. P33.30 
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P33.31 


P33.32 


(a) We first find the impedances of the inductor and the capacitor: 
X L =coL =27r(50.0)(400 x IQ -3 ) =126 Q 


and X r =— =—-J- tt =719 Q 

c o) C 2^(50.0)(4.43xl0“ 6 ) 

We then compute the impedance of the circuit: 

Z =^R 2 +(X L -X c f =V500 2 +(126-719) 2 =776 Q 

Then, from the equation for a series RLC circuit, 

AV max =Z max Z =(250 x10~ 3 )(776) = | 194 V | 

/1X JX T -X r } J 126-719X I I 

(b) * -tan' J =t»- J =B«] 

Thus, the | current leads the voltage | . 


400 mH 



ANS. FIG. P33.31 


(a) 


The capacitive reactance of the circuit is 


X c 


1 1 
2 nfC _ 2^(60.0 Hz)(30.0 x 10 -6 f) 


= |88.4Q| 


(b) The impedance of the circuit is 

Z =^R 2 +(0-X c ) 2 =-sjR 2 +X 2 =^(60.0 O) 2 +(88.4 Q) 2 
= | 107 O] 


(c) 

(d) 


=023 


_ Ay max _ 1.20xl0 V 
max - z ““ 107 Q 

The phase angle in this R C circuit is 

J 0-88.4 Q ' 
R ) l 60.0 Q , 




=-55.8° 


Since (f) <0, | the voltage lags behind the current by 55.8° | . 
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(e) 


Adding an inductor will change the impedance, and 
hence the current in the circuit. The current could be 
larger or smaller, depending on the inductance added. 
The largest current would result when the inductive 
reactance equals the capacitive reactance, the impedance 
I has its minimum value, equal to 60.0 Q, and the 
(current in the circuit is 

AV v AV 1.20 xlO 2 V 


I 


R 


60.0 Q 


- =2.00 A 


P33.33 Let X c represent the initial capacitive reactance. Moving the plates to 

half their original separation doubles the capacitance (C sSt—) and 

d 

cuts X r =-in half. 

c coC 

For the current to double, the total impedance must be cut in half, or 
Z, = 2Z f . Then, 


+(X L - } 


>Jr 2 


Jr 2 

l 2 

L 

l 2 J 


2 R 2 - 2 RX r +X 2 =8R - 4 RX r +X 2 r 


Section 33.6 Power in an AC Circuit 

P33.34 The power factor for a series RLC circuit is given by 


, R 

COS 0 = — 


_ R _ 

V R2 +( X <. - X cf 


The circuit in this problem has no capacitance, so the power factor 
becomes 


COS <j) = 


R 

■Jr 2 + x L 2 
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In order for the power factor to be equal to 1.00, we would have to 
have X L = 0, which would require either L or f to be zero. Because this 
is not the case, the situation is impossible. 

P33.35 From the definition of impedance, Z =^R 2 +(X L -X c f, we have 


(X L - X c ) =Vz 2 - R 2 
Substituting numerical values, 

(X L -X c ) =V(75.0Q) 2 -(45.0Q) 2 =60.0 Q 


The phase angle of the circuit is then 


0 =tan 



=53.1° 


The rms current in the circuit is 


P33.36 


I ims 


AV ms _ 210 V 
Z 75.0 Q 


=2.80 A 


Therefore, the power delivered to the circuit is 

P =(AV nns )l ims cos0 =(210 V)(2.80 A)cos(53.1°) = |353 W 
The rms voltage of the power supply is 


av _ioo = v = 7 Q 7 v 

”” a/2 


In order to calculate the impedance, we first need the capacitive and 
inductive reactances: 


x c =— =7- - T7 - - r =200 Q 

c coC (l 000 s- 1 )(5.00 x 10- 6 F) 

X L = coL = (1 000 s _1 )(0.500 H) = 500 n 

Next, 

Z = x /R 2 + (X t -X c ) 2 
= 400 £2) 2 + (500 £J - 200 Q) 2 = 500 Q 

The rms current is 


Ay rms 

z 


70.7 V 
500 


= 0.141 A 


The average power is P avg = I 2 rms R =(0.141 A) 2 (400 Q) = 8.00 W| 
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P33.37 


P33.38 


P33.39 


The rms current in the circuit is 


Z 80.0 Q. 
and the average power delivered to the circuit is 
P avg =I Ls R =( 2 -00 A) 2 (22.0 Q) = |88.0 W| 

Given v =AV max sin((yf) =(90.0 V)sin(350 1), observe that 
AV max =90.0 V and co = 350 rad/s. Also, the net reactance is 

X, -X r =2 nfL - —=coL —— 

L c J 2 nfC coC 

(a) To find the impedance, we first compute 

1 


X L -X C =coL —— 
c coC 


=(350 rad/s)(0.200H)- 7 


1 


^ (350 rad/s)(25.0xl0“ 6 f) 

=-44.3 Q 

so the impedance is 

Z =^R 2 +(X L -X C ) 2 =yj[50.0 Q) 2 +(-44.3 q) 2 = |66.8fl| 
(b) The rms current in the circuit is 

90.0 V 


_ AV' rms _ AV max /V2 = _ 

rms ~ z Z _ V2(66.8Q)" 


10.953 A | 


(c) The phase difference between the applied voltage and the current 
is 

i rX.-X r ^| Y-44.3 

(b =tan —- -- =tan - =-41.5 

{ R J { 50.0 Q J 

so the average power delivered to the circuit is 


=7 rms AV rms cos0 = 


COS (j) 


=(0.953 A)j^^^jcos(-41.5°) = |45.4 W| 


The power is given by 

P avK =7 ml s A K m s C °S^ =lLs R 
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P33.40 


(a) Then, 

P=7 rms (AV m J COS0 =(9.00 A)(l80 V)cos(- 37.0°; 
=1.29 xlO 3 W 
Then, from P =7^ S R, 


R= ^ = 1.29xlQ3W =TO 


7i 


(9.00 A) 2 


(b) From the definition of phase angle, taruj) 


_ x L -x c 


X L -X C =Rtan</> =(l6.0 Q)tan(-37.0°) = | -12.0 Q | 

For this circuit, R = 20.0 Q, the capacitive reactance is X c = 0, and the 
inductive reactance is 

X L =roL =2tt(60.0 s“ 1 )(0.025 0 h) =9.42 Q 
The impedance of the circuit is 

Z =tJr 2 +(X L -X c f =7(2O072F+(9A2Q) 2 =22.1 Q 
(a) The rms current in the circuit is 


- = 5.43 A 


rms Z 22.1 £2 
(b) The phase angle of the circuit is 


. i T 9.42 A 
') =tan - = 

120.0 J 


=25.2° 


so the power factor is 
cos</> = | 0.905 | 

(c) For the power factor to equal 1, we require (j) =0, and this can 
only occur if X L = X c , or 

9.42 £2 =— 7 —-—7T-> C = I 281 uF I 

In (60.0 s )C I M I 

t> 

(xv m 


(d) For the power to equal that before the capacitor was installed, or 
P b = P d , we require 


(AKmsUfmJfeC 08 ^ = 
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P33.41 


Solving for the rms voltage gives 

fc), ^(^.UO.cosfc 

=7(20.0 Q)(120 V)(5.43 A)(0.905) 
= | 109 V | 


One-half of the time, the left side of the 
generator is positive, the top diode conducts, 
and the bottom diode switches off. The power 
supply sees resistance 



and the power is 


(akJ 2 

R 



-0- 

AV 

ANS. FIG. P33.41 


The other half of the time the right side of the generator is positive, the 
upper diode is an open circuit, and the lower diode has zero resistance. 
The equivalent resistance is then 



and 

Re, ?R 

The overall time average power is: 

[(A07RH4(A0 2 /7R] 


llfAI^J 2 

UR 


Section 33.7 Resonance in a Series RLC Circuit 

P33.42 We are given L = 0.020 0 H, C = 100 x 10” 9 F, R = 20.0 Q, and 

Ay max =ioo v. 

(a) The resonant frequency for a series RLC circuit is 

i nr 


f =^ =_L _L = 3.56 kHz 
J In 2 nUC 1 - 1 
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P33.43 


P33.44 


P33.45 


(b) At resonance, 

/ = ; Ay ™* =1 5.00 A I 

max R 1 - 1 

(c) From Equation 33.38, 

(d) At resonance, the amplitude of the voltage across the inductor is 

A ^L,max = X Jmax =®0 L7 max = | 2.24 kV | 

The circuit is to be in resonance when 


Solving for the capacitance gives 
1 1 


C = 


co 2 0 L 4n 2 f 2 L 4tt 2 (99.7 MHz) 2 (1.40 pV • s/A) 
11.82 pF | 


(a) The resonance frequency of a RLC circuit is / 0 =l/ 2kJlC . Thus, 
the inductance is 

r 1 1 


4n 2 f 2 C 47r 2 (9.00xl0 9 Hz) 2 (2.00x10- 12 f) 


=1.56x10 H = | 156 pH | 
(b) At resonance. 


X, =X, 


1 


2nf 0 C 2tt(9.00x 10 9 Hz)(2.00xl0~ 12 f) 
= | 8.84 Q | 

The resonance frequency is co 0 = ^j_ . Thus, if co =2 co 0 , then 


x ^ mL iic) L=2 i 

4 # 


and X C =^=AC_1T 

c coC 2 C 
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P33.46 


© 2014 Cengage Learning 


The impedance of the circuit is 

Z =Jr 2 +(x t -xj =^R 2 +2.2s(Tj 

so the rms current in the circuit is 
j _ Ay ims _ Ay rms 
rms Z Jr 2 +2.25 (L/C) 


The power delivered to the circuit is 



(A V^fR 
R 2 +2.25 (L/C) 


and the energy delivered in one period is £ =PAt: 


E =PAt 


(aV^Yr f2n\ 
R 2 +2.25(L/C)l co J 


4tt(a V rms fRCyfLC 
4 R 2 C +9L 


(a v^Jrc 

R 2 C +2.25L 


(WIc) 


Substituting numerical values, 

^ _4tt( 50.0V) 2 (10.0 £l)(l00xl0~ 6 f)[(10.0x10~ 3 h)(100x10' 6 f)] V 2 
4(10.0 t2) 2 (l00xl0" 6 F)+9(l0.0 xlO -3 H) 

= | 242 mjj 


The resonance frequency is co 0 = 


1 

Vlc 


. Thus, if co =2co 0 , then 


and 



1 _ 7lc = i IT 

_ (yC " 2C _ 2 v C 


The impedance of the circuit is 

Z => 2 +(x t -xj =^R 2 +2.25^ 

so the rms current in the circuit is 
_AV rms _ AV rms 
rms Z ^R 2 +2.25 (L/C) 
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P33.47 


The power delivered to the circuit is 
_(AV rm 




R = 


(AV ms fR 


Z 2 " R 2 +2.25 (L/C) 
and the energy delivered in one period is E =PAt: 


E =PAt -- 


(A V ims fR [2n} _(A V ims fRC l 


2n\ 

R 2 +2.25[L/C)( (o J R 2 C +2.25L 


kVlc) 


An (aV ^) 2 RCjLC 
4 R 2 C +9L 


2 ns/LC 


Solving for the 


(a) To find the capacitance, we note that / = 

capacitance C gives 

C =—-— 

An 2 f 2 L 


47r 2 (l.00xl0 10 Hz) 2 (400x10‘ 12 h) 

=6.33 xl0~ 13 F = |0.633pF| 

(b) From Equation 26.15 for the capacitance of parallel plates with a 
dielectric, we have 

^ kg. A k e n l 2 


d d 

Solving for the edge length gives 


( G# _ 

(6.33xlO -13 F)(l.00xlCr 3 m)" 


(l)(8.85xl0“ 12 F) 


=8.46 x 1(T 3 m = |8.46mm| 

iductive reactance of the circi 
itive reactance, is 

X L =2nfL=2n(l.00xl0 w Hz)(400xl0' 12 h)= |25.1 Q| 


(c) The inductive reactance of the circuit at resonance, equal to the 
capacitive reactance, is 
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Section 33.8 The Transformer and Power Transmission 

P33.48 (a) The output voltage is found from Equation 33.41, Av 2 =^-Av v 

Therefore, 

Au 2 =^(120 V) = | 9.23 V | 

(b) Assuming an ideal transformer, P 2 =P V Therefore, 


AV 2 I 2 =AV 1 I 1 =(120 V)(0.0200A) = |2.40W| 
The rms primary voltage is 
170 V 


A17 


6 


= 120V 


The rms voltage across the bigger coil is 

A1/ - = (^) Ay - = (lr) (120V,= ^ 

(a) The total resistance of the transmission line is 

R =(4.50 xlO" 4 Q/m)(6.44xl0 5 m) =290 Q 
and the rms current in the line is 
P 5.00 xlO 6 W 


J 


=10.0 A 


AV^ 5.00 x10 s V 
The power loss during transmission is 

P loss =ll m R =(10.0 A) 2 (290 Q) =| 29.0 kW | 
(b) The fraction of input power lost is 
P 2.90x 10 4 W 


5.00 x 10 6 W 


5.80 x 10 


(c) 


| It is impossible to transmit so much power at such low voltage. | 
Maximum power transfer occurs when load resistance equals the 
(4.50xlO 3 V) 2 

line resistance of 290 Q, and is 1-r— =17.5 kW, far 

2-2(290 Q) 

below the required 5 000 kW. 
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P33.51 


P33.52 


We find the voltage in the primary coil: 

-> AV; =AV 2 tL =(25.0 V)(2.50) =62.5 V 
A V 2 N 2 1 2 N 2 ' 

The (average) power delivered to the load resistance is 
2 2 X 2 50.0 Q 

which is equal to the power delivered to the primary coil; thus, the 
(rms) current on the primary side is 

I,-A-**5W =0 200A 

1 AVj 62.5 V 

On the primary side of the transformer, the voltages across the resistor 
and transformer (inductor) are 90° out of phase. Therefore, 

(AV^f =(AV lm ,f +KJ 2 
(80.0 V) 2 =(62.5 V) 2 +(a V Rrms f 
AW _ =49.9 V 


and 


AVr > nns =49.9 V =I 

AV R/rms _ 49.9 V 
1 ~ 0.200 A." 


R = 


The capacitive reactance of this "circuit" is 

X r =—*— =— 7 - J - — r =1.33 x 10 8 O 

c 2k fC 2;r(60.0 Hz)(20.0x 10 Fj 

and the impedance is 

Z =^50.0 xlO 3 Q) 2 +(l.33xl0 8 £l) 2 -1.33 x 10 8 Q 
The rms current is then 

AV 5 000 V 


T 


- =3.77 x 10~ 5 A 


Z 1.33 x10 s Q 

and the rms voltage across the person's body is 

( AV ™L y =(3-77xl0- s A)(50.0xl0 3 q) 

= ri.88V I 
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Section 33.9 Rectifiers and Filters 

P33.53 For this R C high-pass filter, the voltage gain ratio is 
AV out , ^ l max R _ R 

AV' I max Z ' 

With a capacitance of 613 jLiF and a frequency of 600 Hz, the capacitive 
reactance is 

X r =— J =0.433 O 
c 2zr(600 Hz)(6.13xl0 F) 


and 


Ay out _ 


^ R 2 +X 2 C 7(0.500 Q) 2 +(0.433 Q) 2 
P33.54 (a) The amplitude of the input voltage is 


A V in = I max Z = I max J^7x^ = I max .\R 2 + - 

v coC 


The amplitude of the output voltage is AV out =I max R . The gain 
ratio is 


Ay in I m jR 2 +(l/(0Cf 7 r2 +(l/«c) 2 

(b) As ft) —> 0, oo, and -» |~Q~| . 


coC 

(c) As a-,-, ±-+0, and ^**-*£'=fl| 

P33.55 (a) The input power is 8 W, and the useful output power is given by 

IAV =(0.3 A)(9 V)=2.7 W 
The efficiency is then 

.... . useful output 2.7 W n „ A 

efficiency =- L — =-=0.34 - 

total input 8 W 

(b) Total input power = Total output power 
8 W = 2.7 W + wasted power 
wasted power = I 5.3 W I 
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(c) 


= | $3.9 | 


P33.56 (a) The amplitude of the input voltage is 

AV ta =IZ =I max ^R 2 +X 2 C =I max ^R 2 +(l /coCf 
The amplitude of the output voltage is 
AV . =J X r =^l. 

out max C r 


The gain ratio is therefore 
AV 0Ut _ f max /toC 
Ay in I max ^R 2 +(l /coCf 

(b) As co —> 0, —— -A 00 and R becomes negligible in comparison. 
Then, 

av^ i/Q)C 1 — 1 


1/(0 C 

ft +(l/tpC) 2 


1 AV ( ,—1 

(c) Asom~,— ^0 and^f-^L0j. 

(d) We start with 

1 _ 1/0? C 

2 Jr 2 ftftcf 

Solving, 



or R 2 co 2 C 2 =3. 


Then, 


0 , V3 

CO = 2 K f =— 

J RC 


/ = 


V3 

2kRC 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 




548 Alternating-Current Circuits 


Additional Problems 

P33.57 (a) We determine the number of turns from 

KJ=|KJ 

solving, 

(80)(2 200 V) _-_ 1 

N 2 -llO^V- 1 1600 windings | 

(b) Assuming ideal conditions. 


Solving for the rms current in the primary then gives 

(1.50 A)(2 200 V) r _, 

krms = -' = 30.0 A 


(c) For 95.0% efficiency, 

0.950/ 1; ^ (A Vi, „) =I 2 , ^ (A V 2 ^) 


and the rms current in the primary is 

_ (l.20A)(2 200V) _ [ —^ 

(0.950)(H0V) 

P33.58 From Equation 33.35, the resonance frequency for this circuit is 

f=^- = 1 

J 2n InjLC 


2n^j[2.80 x 10' 6 h)(o.910 x 10~ 12 f) 


This frequency is not in the range of North American AM frequencies, 
which can be found from Internet research to be 520 kHz - 1 610 kHz. 
The frequency above is appropriate for an North American FM radio 
station. 


P33.59 (a) The maximum voltage is given by 

AV^ =,/(avJ+(av 1 -avJ 

=7(20.0 V) 2 +(25.0 V-15.0 V) 2 
= |22.4 V| 
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P33.60 


/lx , , f AV, - AV r ^ x ( 25.0 V-15.0 VX r——ft 

(b) 0 =tan —--- =tan - = 26.6 

l AVr J ( 20.0 V J 1 - 1 

(c) The current amplitude / max determines the voltage amplitude in 
each component of the circuit. We know the resistance R , so 

AV,-I_R X = ^7Al 

K max max R 75 Q Q I-1 


(d) For the entire circuit, 

av =1 z -> 


Z= ^ax = | 83 9 Q| 


(e) For the capacitor, 

av c =i max x c 

therefore. 


a^ = i^v =563Q 1 


2nfC 


C =—-— =— 7 ---,— =4.72 x 10“ 5 F =147.2 jUFl 

2 nfX c 2^(60.0Hz)X c 1 -^ 

(f) For the inductor, 

AV t =l„„X L =l mx {2KfL) 
therefore, 

L=^i__P49H1 

(g) The average power delivered to the circuit is 

P avg =IL R R = 12-67 W| 

We identify that R = 200 Q.,L = 663 mH, C = 26.5 pF, co = 377 rad/s, 
and AV max = 50.0 V. So, 

coL =250 Q, and 1/coC = 100 O 
The impedance is 


Z = + - -^j =V(200 Q) 2 + (250 Q-100 Q) 2 

= 250 0 

(a) The amplitude of the current is 

max Z 250 O I-1 
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P33.61 


The phase angle of the voltage relative to the current is 




0 

=tan" 


-X C V 
R ) 

=|36.8°| 



with 

Av Z leading i 



(b) 

AV«, 

max 

: =L 

x R = 

40.0 V | 

at (j) =0° 


(c) 

A^c, 

max 

c =I mt 

lx X c = 

= 20.0 V 

] at d =-90.0° 

] (/ leads AV) 

(d) 

av l . 

max 

: =L 


=| 50.0 V 

] at | 0 = +90.0° 

(Ay leads /) 


Consider a two-wire transmission line: each wire has resistance R, the 
total power transmitted is P, and the current in the wires is 
P 

1,^ =—^—. The power loss is 1.00% of the transmitted power P. 
Therefore, 



P loss 



(2 R) = 


P_ 

100 


Solving for the resistance gives 

ifc4 

200P 

The resistance of one wire is 


R = PojJ^l 

A 200P 

Solving for the area gives 

„ _^ 2 _200p Cu P^ 

4 (a^J 2 

and the diameter is 

l800p Cu P£ 

p(A vjf 

= 1 800(1.7 x IQ- 8 Q m) (20 000W)(l8 000^) 
]] 7r(l.50xl0 3 V) 2 

=0.026 m = |2.6 cm| 
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P33.62 


P33.63 


Consider a two-wire transmission line: each wire has resistance R, the 
total power transmitted is P, and the current in the wires is 
P 

l ims ^—. The fractional power loss is f of the transmitted power P. 

Therefore, 


P loss =I Ls R l me =fP 


( p ¥ 

P = - (2 R) =fP 

loss [av^J j 


R = 


ip 


The resistance of one wire is 


R = PcgJ^Jt 

A "*T200P '* 
Solving for the area gives 


„ _nd 2 _200p Cu P t 
^ „ / . - - \2 



4 (av^ 

and the diameter is 


ftj 

Cl 

00 


^/(a^J 2 


(a) The impedance is given by 

z=^r 2 +(x l -x c ) 2 

From which we obtain 


X c =X L ±ylz 2 -R 2 
X c = X L + yJZ 2 -R 2 

= 700 Q +^(760 Q) 2 -(400 Q) 2 = 1 346 Q = 1.35 Ul 


or 

x c =x l -Vz 2 -p 2 

=700 Q-7(760 Q) 2 -(400 Q) 2 =53.8 Q 
|X C could be 53.8 Q or it could be 1.35 kQ.| 
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(b) The power delivered to the circuit is given by 



If the power is decreased as the frequency is raised, then the 
impedance is increased, so the inductive reactance is greater than 
the capacitive reactance, and the circuit must be above resonance: 

X L >X C —> coL, >1 /coC —> co >l/VIC —> co >cy 0 
Therefore, the inductive reactance 700 Q and the 
[capacitive reactance is 53.8 Q.| 


(c) Now, 


X c = X L ± 4z 2 -R 2 = 700 ± V(760) 2 - (200) 2 = 700 ± 733 

Here X c = 700 - 733 = -33 Q is impossible, but 
X c = 700 + 733 = 1433 = 1.43 kCl is possible. 

|X C must be 1.43 kQ. | 


P33.64 The equation for Av(t ) during the first period (using y = mx + b) is: 



Therefore, 






ANS. FIG. P33.64 
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P33.65 


P33.66 


The turns ratio is the factor of change in voltage: 

N 1 _ AV i 
NT ~~ AW 


AW 

with Z. =—- and Z. 
1 1 


.^2 

L 


N, ZJ, 
we have —- = —— 

n 2 z 2 i 2 

(a) Since — = —, we find 
L N, 


_ Z 1 N 2 
N 2 ~Z 2 N j 


N[ = Z I 
N 2 2 Z 2 


(b) 


N 1 = r : 

n 2 V 


8.00 Q 


so —y =— and — l 


(a) The angular frequency is co =2/r(60.0 Hz) =377/s 1 . 

When S is open, R, L, and C are in series with the source, with 
impedance 


squaring both sides and substituting the definition of impedance 
gives 


=1.194 xl0 4 Q 2 [1] 


f AV rms ) 

, 2 J 20.0 V V 

\ 4ns j 

1 0.183 A J 


When S is in position a, a parallel combination of two R's presents 
equivalent resistance y, in series with L and C. The square of the 
impedance is then 

(f 


f] +(x t -xj=[ 


20.0 V V 
0.298 A J 


=4.504 x 10 Q 2 


[ 2 ] 


When S is in position b, the current bypasses the inductor. R and 
C are in series with the source, and the square of the impedance is 


2 _ ( 20.0 
c _ L 0.137 


v_ 

137 A 


= 2.131 xlO 4 Q 2 


[3] 
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P33.67 


© 2014 Cengage Learning. 


Subtract equation [2] from equation [1]: 

—R 2 =7.440 x 10 3 Q 2 -4 I R =99.6 £2 I 
4 I-1 

Only the positive root is physical, thus there is only one value for R . 

(b) We have shown than only one resistance value is possible. Now 
equation [3] gives 

X c =[2.131 x 10 4 Q. 2 - (99.6 Q) 2 ] V2 =106.7 Q =^ 

Only the positive root is physical, thus there is only one value for C. 
C =[coX c ) 1 =[(377 s _1 )l06.7 Q.]- 1 
=2.49 x 1CT 5 F = | 24.9 jUF | 

(c) Now equation [1] gives 

X L -X C = ^1.194 xlO 4 Q 2 - (99.6 Q) 2 ] 172 = ±44.99 £2 

The equation shows us that there are two possible values for L. 

X L =X C - 44.99 £2 =106.7 £2 - 44.99 £2 =61.74 £2 =coL 
or 

X L = X c + 44.99 £2 = 106.7 £2 + 44.99 Q = 151.7 Q =0)L 

then 

L =— =0.164 H or 0.402 H =1 164mHor402mH I 
co ' - 1 

(d) From the calculations above, we see that ^>nly one value for R and| 
[only one value for C are possible. Two values for L are possible.) 

(a) We can use sin/l + sin B = 2sin| — + — |cos| — \ to find the 

12 2] {2 2J 

sum of the two sine functions to be 

E 1 +E 2 =(24.0 cm)sin(4.50f +35.0°)cos35.0° 

E 1 +E 2 =(19.7 cm)sin(4.50 1 +35.0°) 

Thus, the total wave has amplitude | 19.7 cm~| and has a constant 
phase difference of | 35.0° | from the first wave. 
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P33.68 


(b) Refer to ANS. FIG. P33.67(b). In units of cm, the resultant phasor 
is 

y R =y 1 +y 2 =(l2.0i)+(l2.0cos(70.0°)i+12.0sin(70.0)j) 
=16.1i +11.3 j 

y„ =J(l6.l) 2 +(11.3 f at tan' 1 f — ] =| 19.7 cm at 35.0°| 
v!6.1y 



yi x 

ANS. FIG. P33.67(b) 


(c) | The answers are identical. | 

(d) Refer to ANS. FIG. P33.67(d). Adding the three waves yields 

y R =12.0cos(70.0°)i +12.0sin(70.0°)j 

+15.5cos(-80.0°)i +15.5 sin (-80.0°) j 
+17.0cos(l60°)i +17.0sin(l60°)j 
y R =-9.18i +1.83j = |9.36 cm at!69°1 
The wave function of the total wave is 
y R =(9.36 cm)sin(l5x- 4.5t +169°) 



(a) 

Higher. At the resonance frequency, X L =X C . As the frequency 
increases, X L goes up and X c goes down. 



(b) 

It is possible. We have three independent equations in the three 
unknowns L, C, and the certain/. 
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(c) The equations are co^ =-^ =2 000 s 1 , X c =—^ =8.00 £2, and 
X, =coL =12.0 Q. From the inductive reactance. 


then from the capacitive reactance. 


solving for the angular frequency gives 

2 X, 1 X, 2 ( 12.0 Q Vo 

CO 2 =— L — =— L CO 2 = - 2 000 s 

X c LC X c 0 U.OOQj' 

from which we obtain 


L =^ = 1Z0Q =4.90 xl0“ 3 H =14.90 mH 
co 2 450 s _1 1 - 


coX c [l 450 s _1 )(8.00 Q) 


=5.10x10 F = 51.0 juF 


P33.69 (a) The lowest-frequency standing-wave pattern is N-A-N. The 

A 

distance between the clamps we represent as d =d NN =—. The 


speed of transverse waves on the string is v =/A =^|— =f2d. 

The magnetic force on the wire oscillates at 60 Hz, so the wire will 
oscillate in resonance at 60 Hz. From the speed of transverse 


we obtain the period as 

T =4 [if 2 d 2 =4(l9.0 xlO' 3 kg/m)(60.0 Hz) 2 d 2 
=(274 kg/m-s 2 )d 2 


Tension T and separation d must be related by T =274d 2 where 
T is in newtons and d is in meters. 
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P33.70 


P33.71 


(b) [One possibility is T =10.9 N and d =0.200 m.| Any values of T 
and d related according to this expression will work. We did not 
need to use the value of the current and magnetic field. 

(a) See the graph in ANS. FIG. P33.70(a). 

<P 

90° 


-90° 

ANS. FIG. P33.70(a) 



(b) 


i) =tan 1 ^ 


J coL-1/ coC 


R 


changes from -90° for co = 0 to 0 at the 


resonance frequency to +90° as co goes to infinity. 
The slope of the graph is dQ/dco: 


d(J) 


dco 


1 


77 


R 1 

( L+ J } 

R 2 +[coL-l/coC ) 21 

l co 2 Cj 


(c) 


(a) 


At resonance we have col =1/TC; substituting, we find the slope 
at the resonance point is 


dcj) 

=-^1 

(l + ^ 

l=- 

= 2Q 

dco 

R + 0 z| 

l C, 

1 R 

co 0 


where Q =co 0 L/R. 

When coi is very large, Z is large for the bottom branch, so it 
carries negligible current. Also, —— will be negligible compared 
to R for the top branch, so 


Z 


V 

R 


45.0 V 
200 £2 


0.225 A 


flows in the power supply and the top branch. 
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(b) Now —— is very large in the top branch and coL is very small 

compared to R in the bottom branch; the generator and bottom 
branch carry 


I = 


V 

z 


V 

R 


45.0 V 
100 Q 


0.450 A 


P33.72 (a) With both switches closed, the current goes only through the 

generator and resistor. 


• AV max 
i =——cos cot 
R 


(b) 


P-i (AK,J 2 

2 R 


(c) 


" Jr 2 +co 2 l 2 


_i ( coL^ 


(d) For Q =it> =tan~4 ft>0 ^' (V«»oC) 


We require co^L — -, so 

co 0 C 

(e) The frequency is the resonance frequency: Z = | R | 

For parts (f) and (g), the circuit is at resonance, so Z = R and 
X c = X L =co 0 L. 

(f) To find the maximum energy stored in the capacitor, we start 
with 

U=ic(AVj=ic( IX J 

When / = / max . 




(g) 



l, (AV m J 2 

2 R 2 
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P33.73 


(h) Now co =2co 0 =-^=^ / so 


=tan 4 jijc-mjm 


(j> =tan 


-*>*(-*- fi 

1 2R\/C 


(i) Now coL — -, so co - 

2 coC 


1 


V2LC 


"V2 


(a) The inductive reactance of the circuit is 

X L =2nfL =2tt( 50.0 Hz)(0.250 H) = |78.5 Q| 

(b) The capacitive reactance of the circuit is 

X - 1 - 1 

c 2 nfC 2^(50.0 Hz )(2.00 x 10 -6 f) 

=1.59x10' Q #1.59 kQ 

(c) The impedance of the circuit is 

Z =^R 2 +(X L -X c f =7(150 Q) 2 +(78.5 Q-1590 Q) 2 
=1.52 xlO 3 Q= |1.52 kQ| 

(d) The maximum current is 


AV 


_2.10x 10 2 V 
”l.52xl0 3 Q ' 

3.5 Q. -1590 Q 


=0.138 A = | 138 mA | 


, , A j f X t - X c ^ a f 78.5 Q- 15900^1 , OA no , 

(f) cosi p =cos|^tan~ 1 ^ 78 ' 5 = 10-098 7| 

(g) The power input into the circuit is 

(xy ) 2 (Ay max /V2) 2 

P =7 rms Ay rms cos</» =-—cos 0 =-—cos 0 


_(AV ma 


-cos </> 


P= 2(iSa) (a098 7)= ™ 
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P33.74 (a) We are given X L = X c = 1 884 Q when f= 2 000 Hz. The impedance 

is then 


L 


X L 1884 Q 
2k f 4 0007T rad/s 


=0.150 H 


and the capacitance is 

C= 1 = 1 

(2 nf)X c (4 OOOzr rad/s)(l 884 Q) 

=42.2 nF 


therefore, 

X L =2tt/(0.150 H) 

X = 1 

c (2 tt/)(4.22x 10" 8 F) 

and 

Z =^/(40.0 O) 2 +(X L -X C ) 2 

TABLE P33.74 lists the inductive reactance, the capacitive 
reactance, and the impedance for the frequencies listed in the 
problem statement. 


/(Hz) 

X l (Q) 

X C (Q) 

Z(Q) 

300 

283 

12 600 

12 300 

600 

565 

6 280 

5 720 

800 

754 

4 710 

3 960 

1000 

942 

3 770 

2 830 

1500 

1410 

2 510 

1100 

2 000 

1880 

1880 

40 

3 000 

2 830 

1260 

1570 

4 000 

3 770 

942 

2 830 

6 000 

5 650 

628 

5 020 

10 000 

9 420 

377 

9 040 


TABLE P33.74 
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(b) ANS. FIG. P33.74(b) shows a graph of X L , X c , and Z as a function 
of the frequency f. 



P33.75 The resonance frequency is 

/„- %= - , 1 =318 Hz 

InyJLC 2^(0.050 0 H)(5.00 x lO' 6 F) 

The operating frequency is f = fj 2 = 159 Hz. We can calculate the 
impedance at this frequency. The inductive reactance is 
X L = 2nfL = 27T (159 Hz)(0.050 0 H) = 50.0 Q 
The capacitive reactance is 

X r = —— =----— =200 Q 

c 2 nfC 2^(159 Hz)(5.00 x 10" 6 F) 

The impedance is 

Z = \r 2 +(X L -X C f = ^8.00 2 +(50.0 - 200) 2 Q = 150 Q 
So the current is 


I m s 


XVms 

z 


400 V 
150 Q 


= 2.66 A 


The power delivered by the source is the power delivered to the 
resistor: 


P =(2.66 A) 2 (8.00Q) = | 56.7 W | 
P33.76 (a) At resonance. 


4/Ic ^ 


F =1.00 xio 6 rad/s 


.00 x 10 H (1.00 x 10 F 
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At that point, 

Z=R = 1.00 Q and I = 1 ' Q ° V = 1.00 A 
1.00 Q 

The power is 

p = i 2 r = (l.oo a) 2 (i.oo n ) = l.oo w 

We compute the power at some other angular frequencies, listed 
in TABLE P33.76. 


CO 

®o 

coL (Q) 

-^(O) 

z(n) 

p =I R (W) 

0.9990 

999.0 

1001.0 

2.24 

0.19984 

0.9991 

999.1 

1000.9 

2.06 

0.23569 

0.9993 

999.3 

1000.7 

1.72 

0.33768 

0.9995 

999.5 

1000.5 

1.41 

0.49987 

0.9997 

999.7 

1000.3 

1.17 

0.73524 

0.9999 

999.9 

1000.1 

1.02 

0.96153 

1.0000 

1000 

1000.0 

1.00 

1.00000 

1.0001 

1000.1 

999.9 

1.02 

0.96154 

1.0003 

1000.3 

999.7 

1.17 

0.73535 

1.0005 

1000.5 

999.5 

1.41 

0.50012 

1.0007 

1000.7 

999.3 

1.72 

0.33799 

1.0009 

1000.9 

999.1 

2.06 

0.23601 

1.0010 

1001 

999.0 

2.24 

0.20016 


TABLE P33.76 


ANS. FIG. P33.76 shows a graph of the results tabulated above. 



Oj/(O 0 

ANS. FIG. P33.76 

(b) The angular frequencies giving half the maximum power are 
0.999 5 x 10 6 rad/s and 1.000 5 x 10 6 rad/s 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copie 


■ duplicated, or posted to a publicly; 


sible website, in whole or in part. 











Chapter 33 563 


so the full width at half the maximum is 
A co = (1.000 5 - 0.999 5) x 10 6 rad/s 
A co = 1.00 x 10 3 rad/s 
Since A co =2nAf, A f =159 Hz 

and for comparison, 

R 1.00 Q 1cnu 

2 kL 2zt( l.OO x 10“ 3 h) 

The two quantities agree. 


Challenge Problems 

P33.77 We start with 

Au 0 ut _IR _R _ R 

A 1Z Z V^+fc-Xc ) 2 

= _ 8.00 Q _ 

yj{ 8.00 Q) 2 JlK fL-l/ln f c\ 

Then, at 200 Hz, 

(Av ou A 2 JR? = 1 = _ (8.00 Q) 2 _ 

V A^m J IzJ 4 ( 8.00 Q ) 2 +[400^: L- 1/400^ c ] 2 

and at 4 000 Hz, 

f Ap out T JR Y = I = _ (8.00 q) 2 _ 

l z) 4 (8.00 Q) 2 +[8000^L-l/8000^c] 2 


At the low frequency, X L - X c < 0. This reduces to 


4007TL- 


1 

400^rC 


-13.9 Q 


[1] 


For the high frequency half-voltage point. 


8 0007TL- 


1 

8000ttC 


= +13.9 Q 


[ 2 ] 


Solving equations [1] and [2] simultaneously gives 
(a) L = | 580 pH \ 
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ANS. FIG. P33.77(a) 


(b) C = 54.6 ]UF 


(c) When X L =X C , — 

c A, 

(d) X L = X c requires 

r 1 


2ttVlC 2^5.80 x10“ 4 h)(5.46xHT 5 f) 


=| 894 Hz | 


i- 1 Av R 1 

(e) | At 200 Hz | , — ou —— =— and X c > X L , so the phasor diagram ii 

as shown in ANS. FIG. P33.77(e). 

W - cos_1 [f ] =-cos“ 1 (jj =| -60.0° | 

so |(Az7 0Ut leads Av m ) . 

| At f 0 \ ,X L =X c so 

| (j) =0 (Az? out is in phase with Av^) | . 

| At 4 000 Hz |, ^ Z7 ° ut =— =— and X , - X r > 0. 

1 - 1 Av in Z 2 1 c 




ANS. FIG. P33.77(e) 


Thus, 




or Au out lags Av ]n 
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P33.78 


P33.79 


(f) At 200 Hz and at 4 kHz, 

p J(V2K-T ,tv<KJ4 

R R R 

_(1/2)(10.0V) 2 _, ——i 
4(8.00 n) I ' I 

At f,„ 

„_K_F _[Av^f _(1/2)(10.0 V) 2 


(8.00 Q) 


(g) We take 


w/ _ 2?r f 0 L _ 27r(894Hz)(5.80xl0- 4 H) f 


(a) 4, 


AV 


_ 100 V _ 
80.0 Q " 


1r AV 


(b) The total current will | lag | the applied 

voltage as seen in the phasor diagram 
shown in ANS. FIG. P33.78. 


h,« 


ANS. FIG. P33.78 


X L 


2zr(60.0 s _1 )(0.200 H)" 
Thus, the phase angle is: 


</> =tan 




,f 1.33 A 
1.25 A 


We are given L = 2.00 H, C = 10.0 x 10' 6 F ,R= 10.0 O, and 
Av =(l00sin©f). 

(a) The resonance frequency co 0 produces the maximum current and 
thus the maximum power delivery to the resistor. 

1 1 


JLC ^(2.00H)(l0.0xl0- 6 F) 


=1 224 s' 1 I 
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(b) At the resonance frequency co 0 , the impedance Z =R, and 


P =7^ S R 



(100 V) 2 

2(10.0 Q) 


, KJ 2 
M 


500 W 


R 


R z R 


(c) Now, 



2 


R max 


Z 2 2 R 


So, Z 2 = 2R 2 , or 

R 2 +(coL~ —} =2 R 2 

which is a fourth order equation in co. But this can be simplified 
to two equations: 

coL- — = ±R -> co 2 LC + coCR -1 = 0 
coC 


The angular frequency co must be positive, so we solve for the 
positive roots. (In the following, we suppress all units.) 

For co 2 LC-coCR-l =0, 

_ - (- CR) +V(-CR ) 2 - 4LC (-1) 

® 2 LC 

_R +^/r 2_ +4L/C 
2 L 

10.0 +J(10.0) 2 +4(2.00)/(l0.0xl0“ 6 ) ,-—, 

=--- 7 -t -= 226 s 

2 (2.00) 1 - 1 


For co 2 LC + coCR-l = 0, 


co 


-(CR) +V(-CR) 2 -4LC(-l) 

2 LC 

-R + > /R 7 +4L/C 
' 2L 

-10.0 +^/(l0.0) 2 +4(2.00)/(l0.0 x 10" 6 ) 

’ 2 ( 2 . 00 ) 


= | 221 s- 1 
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P33.80 


P33.81 


The currents in the three components of the circuit are 

j AV j Ay_ At/, J T AV AV , 

i —-rms_ / _-rms_ _-mis_ anc [ / _-nns_ —-n^_ 

R R L X L coL X c (ojC) 

(a) Then, 




~ H \ r i \ 2 

1/2 

U=[j l+(lc-h) 2 Y = 

A Kns 




(b) 



tan0 =R 



ANS. FIG. P33.80 


We have P =I 2 



R = 


(A V_f 
Z 1 


R, and 


Z = i R 2 +\ coL 


Therefore, 


(a v^Jr 


R 2 +\ coL- — 
y co C 


1 Y JWrrjR 


_[xkJr 

P 


which is a fourth order equation in co. But this can be simplified to two 
equations: 


coL - =±A 

coC 


co 2 LC +coCA-1 =0 
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(av^ ) 2 R 


We will solve for co when = 100 V and P = 250 W. From Figure 
P33.24, we have R = 40.0 Q ,L = 185 mH = 0.185 H, and C = 65.0 jUF = 
65.0 x 10 r 6 F. 

The quantity A is 

^ J ( AV -f R -R' J (l20Vt(40.0n) , (40 7^ 

V P V 250 W 

=V704Q 


The angular frequency co must be positive, so we solve for the positive 
roots. (In the following, we suppress all units.) 

For co 2 LC-coCA- 1=0, 


~[~CA) +V(-CA) 2 -4LC(-1) 

co =--- 

2LC 

_A+yjA 2 +4 L/C 
2 L 

V704 +^704 +4(0.185)/(65.0 x 10" 6 ) 
2(0.185) 

=226 s' 1 =2 ;if -> f : = 58.7 Hz 
For co 2 LC + CO CA — 1 = 0, 


~{CA) +V(-CA) 2 -4LC(-1) 

a) =--- 

2LC 

_-A +VA 2 +4 L/C 
2L 

-V704 +^704 +4(0.185)/(65.0xl0- 6 ) 

2(0.185) 

=225 s' 1 =2 nf -> f = | 35.9 Hz | 

There are two answers because [the circuit can be either above or below) 
(resonance.) 
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lNSWERS to even-numbered problems 


P33.2 

P33.4 


P33.6 

P33.8 


P33.10 

P33.12 

P33.14 

P33.16 

P33.18 

P33.20 

P33.22 

P33.24 

P33.26 

P33.28 

P33.30 

P33.32 


P33.34 


(a) 193 Q; (b) 144 Q. 

(a) 170 V; (b) 2.40 x 10 2 Q; 

(av^T 

(c) Because P a A'<^= -« v-» 

s R 

resistance than a 60.0-W bulb. 


R 


.Kb£ 


a 100-W bulb has less 


(a) 25.3 rad/s; (b) 0.114 s 

(a) The rms current in each 150-W bulb is 1.25 A. The rms current in 
the 100-W bulb is 0.833 A; (b) R 1 =96.0 Q, R 2 =96.0 Q, and R 3 =144 Q; 

(c) 36.0 Q 

(a) 0.0424 H; (b) 942 rad/s 
0.750 H 
3.80 J 

(a) 15.0 Hz; (b) 84.9 V; (c) 47.1 Q; (d) 1.80 A; (e) 2.55 A 
(a) 221 Q; (b) 0.163 A; (c) 0.230 A; (d) no 
(a) 69.3 V; (b) 40.0 Hz; (c) 20.3 jUF 
^C(AV ms ) 

(a) 146 V; (b) 212 V; (c) 179 V; (d) 33.4 V 

(a) 109 Q; (b) / max = 0.367 A; (c) co = 100 rad/s; 

(d) 0 =-0.896 rad =-51.3° 

2.79 kHz 

See ANS. FIG P33.30. 


(a) 88.4 Q; (b) 107 Q; (c) 1.12 A; (d) the voltage lags behind the current 
by 55.8°; (e) Adding an inductor will change the impedence, and hence 
the current in the circuit. The current could be larger or smaller, 
depending on the inductance added. The largest current would result 
when the inductive reactance equals the capacitive reactance, the 
impedance has its minimum value, equal to 60.0 £2, and the current in 
the circuit is 


7 ma 


£Wj W-2°xl0»V 

Z R 60.0 Q 


In order for the power factor to be equal to 1.00, we would have to 
have X L = 0, which would require either L or f to be zero. Because this 
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P33.36 

P33.38 

P33.40 

P33.42 

P33.44 

P33.46 

P33.48 

P33.50 

P33.52 

P33.54 

P33.56 

P33.58 

P33.60 

P33.62 

P33.64 

P33.66 

P33.68 


P33.70 


is not the case, the situation is impossible. 

8.00 W 

(a) 66.8 Q; (b) 0.953 A; (c) 45.4 W 
(a) 5.43 A; (b) 0.905; (c) 281 jUF; (d) 109 V 
(a) 3.56 kHz; (b) 5.00 A; (c) 22.4; (d) 2.24 kV 
(a) 156 pH; (b) 8.84 Q 

47rRCVLC(Ay rms ) 2 

4R 2 C + 9L 

(a) 9.23 V; (b) 2.40 W 

(a) 29.0 kW; (b) 5.80 x 10” 3 ; (c) It is impossible to transmit so much 
power at such low voltage. 

1.88 V 


(a) 


^R 2 +(l/fflC) 2 


:(b)0;(c)l 


(a) , V? C „ ; ( b>l; ( c)0;(d) 


Jr 2 +( i /coc ) 2 


The resonance frequency for this circuit is not in the North American 
AM frequency range. 

(a) 0.200 A, 36.8°; (b) 40.0 V at </> =0°; (c) 20.0 V at </> =-90.0°; (d) 50.0 V 
at <p =490.0° 


I 8 Pc Jl 

See P33.64 for full explanation. 

(a) R = 99.6 Q; (b) 24.9 pF; (c) 164 mH or 402 mH; (d) Only one value 
for R and only one value for C are possible. Two values for L are 
possible. 

(a) Higher. At the resonance frequency, X L = X c . As the frequency 
increases, X L goes up and X c goes down; (b) It is possible. We have 
three independent equations in the three unknowns L, C, and the 
certain f ; (c) L = 4.90 mH and C =51.0 jL/F 

(a) See ANS. FIG. P33.70(a); (b) —-- w \ L +-|-1; (c) See 

W K ’ y ' R 2 +(cqL-1/cqC) 2 { co CJ k ' 

P33.70(c) for full explanation. 
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P33.72 


(a) i 


AV max 

R 


cos cot; (b) P 


.1 feJ. 

2 R ' 


P33.74 

P33.76 

P33.78 

P33.80 


(c) i = . A ^ max cosTaif + tan (d) C =^-; (e) R; 

y/R 2 +(0 2 L 2 l { R J J 


(f) 


2R 


(a) See Table P33.74; (b) See ANS. FIG. P33.74(b). 

(a) See ANS. FIG. P33.76; (b) See P33.76 for full explanation, 
(a) 1.25 A; (b) lag, 46.7° 


(a) AV m 


nr i u f i i 

^ + ©C--y ; (b) tan0 =R — 
Z ) y coLJ {X c X L 
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Electromagnetic Waves 


CHAPTER OUTLINE 


34.1 Displacement Current and the General Form of Ampere's Law 

34.2 Maxwell's Equations and Hertz's Discoveries 

34.3 Plane Electromagnetic Waves 

34.4 Energy Carried by Electromagnetic Waves 

34.5 Momentum and Radiation Pressure 

34.6 Production of Electromagnetic Waves by an Antenna 

34.7 The Spectrum of Electromagnetic Waves 

|* An asterisk indicates a question or problem new to this edition.) 


lNSWERS to objective questions 


OQ34.1 


OQ34.2 


OQ34.3 


(i) Answer (c). Both the light intensity and the gravitational force 
follow inverse-square laws. 

(ii) Answer (a). The smaller grain presents less face area and feels a 
smaller force due to light pressure. 

(i) Answer (c). (ii) Answer (c). (iii) Answer (c). (iv) Answer (b). (v) 
Answer (b). The same amount of energy passes through concentric 
spheres of increasing area as the wave travels outward from its 
source, so the amplitude and the intensity, which is proportional to 
the square of the amplitude, decrease. 

Answer (b). Frequency, wavelength, and the speed of light are 
related: 


fX =c 


X=- 


3.00 xlO 8 m/s 
‘ 2.45 xlO 9 Hz 


=0.122 m = 12.2 cm 


572 
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OQ34.4 

OQ24.5 

OQ34.6 

OQ34.7 

OQ34.8 

OQ34.9 

OQ34.10 

OQ34.11 


(i) Answer (a). According to / =l/ln^/LC, to make f half as large, 
the capacitance should be made four times larger. 

(ii) Answer (b). According to fA =c, if frequency is halved, 
wavelength is doubled. 

Answer (e). Accelerating charge, changing electric field, or changing 
magnetic field can be the source of a radiated electromagnetic wave. 

Answers (c) and (d). The relationship between frequency, 
wavelength, and the speed of a wave is f A =v. In a vacuum, all 
electromagnetic waves travel at the same speed: v = c. 
Electromagnetic waves, consisting of oscillating electric and 
magnetic fields, are transverse waves. 

(i) through (v) have the same answer (c). The same amount of energy 
passes through equal areas parallel to the yz plane as the wave 
travels in the +X direction, so the amplitude and the intensity, which 
is proportional to the square of the amplitude, do not change. 

(i) Answer (b). Electric and magnetic fields both carry the same 
energy, so their amplitudes are proportional to each other. 

(ii) Answer (a). The intensity is proportional to the square of the 
amplitude. 

Answer (d). The peak values of the electric and magnetic field 
components of an electromagnetic wave are related by E rnax /B max =c, 
where C is the speed of light in vacuum. Thus, 

E max =cB max =(3.00 xlO 8 m/s)(l.50xl0“ 7 t) =45.0 N/C 

(i) The ranking isc>b>d>e>a. Gamma rays have the shortest 
wavelength. 

(ii) The ranking isa>e>d>b>c. According to fA =c, as 
wavelength decreases, frequency increases. 

(iii) The ranking isa = b = c = d = e. All electromagnetic waves 
travel at the speed of light C in vacuum, which is assumed here. 

Answer (d). An electromagnetic wave travels in the direction of the 
Poynting vector: S =E x B / p {) . 
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lNSWERS to conceptual questions 


CQ34.1 


CQ34.2 


CQ34.3 


CQ34.4 


The entire room and its contents have a soft glow. Incandescent light 
bulbs shine brightly in the infrared, but fluorescent lights do not. The 
top of a computer monitor glows brighter than the screen, which 
glows faintly. Windowpanes appear dark if they are cool, and a 
patch of wall where sunlight falls glows brighter than where the 
sunlight does not fall. Heating resistors or warm air outlets shine, 
and the air near to them has a faint glow, but cold air outlets are 
dark, and the nearby air has no glow. 

Electromagnetic waves carry momentum. Recalling what we learned 
in Chapter 9, the impulse imparted by a particle that bounces 
elastically off a wall is twice that imparted by an object that sticks to 
a wall. Similarly, the impulse, and hence the pressure exerted by a 
wave reflecting from a surface, must be twice that exerted by a wave 
that is absorbed. 

No. Radio waves travel at a finite speed, the speed of light. Radio 
waves can travel around the curved surface of the Earth, bouncing 
between the ground and the ionosphere, which has an altitude that is 
small when compared to the radius of the Earth. The distance across 
the lower forty-eight states is approximately 5 000 km, requiring a 

, 5 x 10 6 m 2 
transit time of---10 s. 

3 x 10 8 m/s 


Sound Light 

1) Sound is a longitudinal wave. 1) Light is a transverse wave. 


2) Sound requires a material 
medium. 

3) Sound in air moves at hundreds 
of meters per second. 

4) The speed of sound through a 
medium, depending the material 
of the medium, can be faster or 
slower than that in air. 


2) Light does not require a 
material medium. 

3) Light in air moves at hundreds 
of millions of meters per 
second. 

4) The speed of light through 
materials is less than in 
vacuum. 
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CQ34.5 


CQ34.6 


CQ34.7 


CQ34.8 


CQ34.9 


5) Sound propagates by a chain 
reaction of density and pressure 
disturbances recreating each 
other. 

6 ) Audible sound has frequencies 
over a range of three decades (ten 
octaves) from 20 Hz to 20 kHz. 


7) Audible sound has wavelengths 
of ordinary size (1.7 cm to 17 m). 


5) Light propagates by a chain 
reaction of electric and 
magnetic fields recreating each 
other. 

6 ) Visible light has frequencies 
over a range of less than one 
octave, from 430 to 700 THz 
(THz = Terahertz = 10 12 Hz). 

7) Visible light has wavelengths of 
very small size (400 nm to 

750 nm). 


The changing magnetic field of the solenoid induces eddy currents in 
the conducting core. This is accompanied by I 2 R conversion by 
heating of electrically-transmitted energy into internal energy in the 
conductor. 

(a) The electric and magnetic fields of the light wave oscillate in 
time at each point in space, like sports fans in a grandstand 
when the crowd does "the wave." 

(b) The wave transports energy. 

An infrared photograph records the infrared light reflected, but also 
emitted by a person's face. When a person blushes or exercises or 
becomes excited, warmer areas glow brighter in the infrared. A 
person's nostrils and the openings of the ear canals are bright; 
brighter still are just the pupils of the eyes. 

No, they do not. Specifically, Gauss's law in magnetism prohibits 
magnetic monopoles. If magnetic monopoles existed, then the 
magnetic field lines would not have to be closed loops, but could 
begin or terminate on a magnetic monopole, as they can in Gauss's 
law in electrostatics. 

Different stations have transmitting antennas at different locations. 
For best reception align your rabbit ears perpendicular to the 
straight-line path from your TV to the transmitting antenna. The 
transmitted signals are also polarized. The polarization direction of 
the wave can be changed by reflection from surfaces—including the 
atmosphere—and through Kerr rotation—a change in polarization 
axis when passing through an organic substance. In your home, the 
plane of polarization is determined by your surroundings, so 
antennas need to be adjusted to align with the polarization of the 
wave. 
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CQ34.10 Consider a typical metal rod antenna for a car radio. Charges in the 
rod respond to the electric field portion of the carrier wave. 
Variations in the amplitude of the incoming radio wave cause the 
electrons in the rod to vibrate with amplitudes emulating those of the 
carrier wave. Likewise, for frequency modulation, the variations of 
the frequency of the carrier wave cause constant-amplitude 
vibrations of the electrons in the rod but at frequencies that imitate 
those of the carrier. 

CQ34.11 The Poynting vector S describes the energy flow associated with an 
electromagnetic wave. The direction of S is along the direction of 
propagation and the magnitude of S is the rate at which 
electromagnetic energy crosses a unit surface area perpendicular to 
the direction of S. 

CQ24.12 The frequency of EM waves in a microwave oven, typically 2.45 
GHz, is chosen to be in a band of frequencies absorbed by water 
molecules. The plastic and the glass contain no water molecules. 
Plastic and glass have very different absorption frequencies from 
water, so they may not absorb any significant microwave energy and 
remain cool to the touch. 

CQ34.13 Maxwell included a term in Ampere's law to account for the 

contributions to the magnetic field by changing electric fields, by 
treating those changing electric fields as "displacement currents." 


SOLUTIONS TO END-OF-CHAPTER PROBLEMS 


Section 34.1 


Displacement Current and the 
Generalized Form of Ampere's Law 

(a) We use the right-hand rule for both real and displacement 
currents. Thus, the direction of B is counterclockwise, and the 

direction of B at P is [upwards!] 

(b) We use the extended form of Ampere's 
law. Equation 34.7. Since no moving 
charges are present, / = 0 and we have 

j>B-d£ =1^ e 0 -jj- 

In order to evaluate the integral, we ANS FIG P34 1 

make use of the symmetry of the 
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P34.2 


situation. Symmetry requires that no particular direction from the 
center can be any different from any other direction. Therefore, 
there must be circular symmetry about the central axis. We know 
the magnetic field lines are circles about the axis. Therefore, as we 
travel around such a magnetic field circle, the magnetic field 
remains constant in magnitude. Setting aside until later the 
determination of the direction of B, we integrate j>B-d£ around 
the circle at R = 0.150 m to obtain 2kRB. 


Differentiating the expression O e —AE, we have 
dO E _(nd 2 \dE 

dt -{ 4 J dt 


Thus, j>B-dl =2kRB =jU^e 0 |^_j^ B 0L 


4 dt 


8 R dt 


Substituting numerical values, 

_(4ttx 10- 7 T m/A)(8.85xl0’ 12 C 2 /N-m 2 )(0.100 m) 2 


8(0.150 r 


x (20.0 V/m-s) 


= 1.85 x 10 T 


For the capacitor. 


(a) 


_ d [ EA )-dQ/dt = ± 

dt dr e 0 e 0 

dE _ I _ _ 0.200 A _ 

dt ~e 0 A~( 8.85 x KT 12 C 2 /N-m 2 )[^(l0.0xl0" 2 m)] 

=1 7.19xlO 11 V/m-s I 


(b) j>B-ds=e 0 p 0 2nrB = / 0 &J^ 
_MA _ M,(^00A)(5.00xlQ- 2 m) _ 


Q 

A A 


2[tt(i0.0 
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P34.3 


The electric field in the space between the plates is E = — 


Q 

e 0 A' 


The flux of this field is O f = E • A = —) A cos 0° 

(a) The rate of change of flux is 

dO E _ dQ/dt = J_ 0.100 A 

dt e 0 e 0 8.85 xl0~ 12 C 2 /N m 2 

= | 11.3 xlO 9 V-m/s | 


= Q 


(b) 


The displacement current is defined as 



=(8.85 x 10' 12 C 2 / N • m 2 )(1.13 x 10 10 N • m 2 / C • s) 
= |0.100 A| 


Section 34.2 Maxwell's Equations and Hertz's Discoveries 

P34.4 F = ma = qE + qv x B so 

a = — I"E + v x Bl where 
m L J 


Then 


i j k 

10.0 0 0 
0 0 0.400 


=-(4.00 T-m/s)j 


. J -1.60 xl0~ 19 C "| 
a y 9.11 xlO -31 kg J 

x[(2.50 V/m)i +(5.00 V/m)j-(4.00 T-m/s)j] 
=(-1.76x 10 11 )[2.50i +1.00j] m/s 2 

a = (-4.39i-l.76j) xlO 11 m/s 2 
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P34.5 


P34.6 


The net force on the proton is the Lorentz force, as described by 

YF = ma = aE + flvxB so that a = —[~E + vxB] 
m L J 

Taking the cross product of v and B, 


i j k 

200 0 0 
0.200 0.300 0.400 


Then, 


= -200(0.400) j + 200(0.300)k 

a =—[E +v x Bl =f L6Qxl ° V5O.O j - 80.0 j +60.0 \ 
nr- J ^1.67x10 7 JL j J 


3 k m/s 2 


-2.87 x 10 9 j +5.75 x 10 9 k m/s 2 


(a) The very long rod creates the same electric 
field that it would if stationary. We apply 
Gauss's law to a cylinder, concentric with 
the rod, of radius r = 20.0 cm and length t 

cpE-dA 

E[lnr£) cos 0° =— 

G o 

^ A 


ANS. FIG. P34.6 


2ne,r 


radially outward 


35.0 xl0~ 9 C/m _~ 

~2n[8.85xlQ- 12 C 2 /N-m 2 )(0.200 m) J 


= | 3.15 x 10 3 j N/C | 

(b) The charge in motion constitutes a current of 

(35.0 x 10’ 9 C/m) x (15.0 x 10 6 m/s) = 0.525 A 
This current creates a magnetic field. 


_(4ttx 10“ 7 T m/ a)(0.525 A) 
= 2^(0.200 m) 


k = 5.25k x 10’ 7 T 
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Electromagnetic Waves 


(c) The Lorentz force on the electron is F = qE + qw x B. 

F =(-1.60xl0“ 19 C)(3.15xl0 3 j N/c) 

+(-1.60xl0“ 19 C)(240xl0 6 i m/s) 

x(5.25xl0 7 k t) 

F =5.04 x 10“ 16 (-j) N +2.02 x 10' 17 ( 4j ) N 
= 4.83(-j)xl0“ 16 N 


Section 34.3 Plane Electromagnetic Waves 

*P34.7 (a) From Equation 34.20, 


A 


c _3.00xl0 8 m/s 
7 _ 1 150 xlO 3 s~ : 


=261 m 


m = | 0.690 wavelengths | 

(b) From Equation 34.20, 

, c 3.00 x 10 8 m/s 

A =— =-7 —~r =3.06 m 

/ 98.1 x 10 6 s" 1 


3.06 m 


= 58.9 wavelengths 


!f 'P34.8 From Equation 34.20, 


(a) 


c 3.00xlO 8 m/s r— — - 1 

A =— =-7 —— = 11.0 m 

/ 27.33xlO 6 Hz 1 - 1 

Since the light from this star travels at 3.00 x 10 8 m/s, the last bit 
of light will hit the Earth in 


= d 6.44xlO 18 m 
c 2.998 x10 s m/s 


=2.15xlO 10 s 


= |681 years] 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copie 


■ duplicated, or posted to a publicly accessible website, in whole or in part. 




Chapter 34 581 


P34.10 


P34.ll 


P34.12 


P34.13 


*P34.14 


P34.15 


(b) From Table C.4 (in Appendix C of the textbook), the average 

Earth-Sun distance is d = 1.496 x 10 u m, giving the transit time as 


3.32 min| 


f 1.496x10 

11 m "I 

f 1 min 3 

\ 2.998 x10 s 

m/s J 

l 60s J 


(c) Also from Table C.4, the average Earth-Moon distance is 
d = 3.84 x 10 8 m, giving the time for the round trip as 

_2d _2(3.84xlO s m)_—— 


l ~ c 2.998 x10 s m/s 
From fX =c, we have 

2.998 x10 s m/s 


f- 


X 632.8 xl0“ 9 m 


= 4.738 xlO 14 Hz 


In the fundamental mode, there is a single loop in the standing wave 
between the plates. Therefore, the distance between the plates is equal 
to half a wavelength. 

X =2 L =2(2.00 m) =4.00 m 

Thus, f =- = 3 '° 0X1 ° m/s =7.50 x 10 7 Hz =|75.0 MHz|. 

J X 4.00 m 1 - 1 

E 220 V/m _ , 

— —c or -=3.00 x 10 m/s, so 

B B 


B =7.33 x 10“ 7 T = 733 nT 


From Equation 34.17, 

1 1 


c =0.750c = 2.25 x10 s m/s 


>lm e 0 VT78 

Time to reach object 

=^-(total time of flight) =^-(4.00 x 10 -4 s) =2.00 x 10 -4 s 

Thus, 

d =vt =(3.00 x 10 s m/s)(2.00 x 10 -4 s) =6.00 x 10 4 m = | 60.0 km | 
(a) c = fX gives the frequency as 


f= c JMxWj^ = | 600xl0tHz | 

X 50.0 m 
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P34.16 


P34.17 


(b) C = E /B gives the magnetic field amplitude as 


B = 


22.0 V/m 


=7.33 x KT 8 T =73.3 nT 


3.00 x 10 8 m/s 

B must be directed along negative z direction when E is in the 
negative y direction, so that S =E x B/ fj (j will propagate in the 

direction (-j)x(-k) =-K. So, 


(c) k 


Bmax = | -73.3k nT~| 
2k 


2k 


=0.126 m' 1 


A 50.0m 

and co =2 k f =2 k (6.00 x 10 6 s _1 ) =3.77 x 10 7 rad/s. 
Then, 


B =B max cos(kx-cot) = | -73.3kcos(o.l26x-3.77 x 10 7 f) nT | 
E =E max cos(kx -cot) 


=-E max sm(kx-cot){k) -> =-E max cos(kx-cot)[k 2 ) 

^ =-E max sin(kx-cot)(-(o) -> =-E max cos(fct-(yf)(-®) 2 

w *. u 3 2 E 3 2 E 

We must show: —— -u g 

dx 2 ™ 0 dt 

That is, ~[k 2 )E max cos(kx - cot) =-/J^e 0 (-cof E max cos(kx-cot). 

But this is true, because =[ — ) =-^ = U, <=. 

m ^/A J c 2 ™ 0 

The proof for the wave of the magnetic field follows precisely the same 
steps. 

A 

Since the separation of the burn marks is d AtoA =6 cm ±5% =—, then 
A =12 cm ±5% and 

v =A/ =(0.12 m ±5%)(2.45xl0 9 s’ 1 ) 

= ^9xl0 8 m/s ±5%~| 
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P34.18 


The amplitudes of the electric and magnetic fields are in the correct 
ratio so that E max /B max = c. The ratio of co to k, however, must also equal 
the speed of light: 


co 

I 


3.00 x 10 15 s' 1 
9.00 x 10 6 m -1 


= 3.33 x 10 8 m/s 


This value is higher than the speed of light in a vacuum, so the wave as 
described is impossible. 

P34.19 The wave is of the form E y =E max sin [kx -cot). 


(a) 


100 V/m is the amplitude of the electric field, so the amplitude of 
the magnetic field is 



c 


100 V/m 
3.00 x 10 8 m/s 


=3.33 x 10' 7 T = | 0.333 gf | 


(b) We compare the given wave function with y = A sin (kx - co t) to 
see that the wave number is k = 1.00 x 10 7 m _1 . With k =2n/X, 
we then have the wavelength as 


A 


2 n In 

k ^l.qftxio 7 tff 1 


=| 0.628 pm ] 


(c) The frequency is 


/=*; 


3.00 xlO 8 m/s 
’ 6.28 x 10~ 7 m 


=| 4.77xlO 14 Hz | 


Section 34.4 Energy Carried by Electromagnetic Waves 

P34.20 From Equation 17.7, we recall that the intensity / a distance r from a 
point or spherical source is inversely proportional to the square of the 
distance: I =P/4nr 2 . At the Earth, r, = 1.496 x 10 11 m, the intensity is 
/j = / E , then at distance r 2 , the intensity 1 2 = 31 E . Then, 
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P34.21 


P34.22 


P34.23 


P34.24 


In time interval At, sunlight travels distance Ax =cAt. The intensity of 
the sunlight passing into a volume AV =AAx in time At is 

U U Uc 


S =1 = 


AAt AAx/c V 


Energy I 1000 W/m r————— + 

- — - =u = =- i- -= 3.33 jUl/m 3 

Unit Volume c 3.00 xlO 8 m/s '——- 


(a) 


P _ energy _ 600 x 10 3 Wh 

area Afarea (30 d)(l3.0 m)(9.50 m 


(,24 hj L 


.75 W/m 2 1 


(b) The car uses gasoline at the rate of (55 mi/h)f ^ ]. Its rate of 

l, 25 mi / 


f 2.54 kg \ 

l !gal J 


energy conversion is 
P =44.0xlO 6 J/kg 
=6.83 x 10 4 W 

Its power-per-footprint-area is 
P 6.83 x 10 4 W 


(55 mi/h)| 


gal Y lh 


25 mi A 3 600 s 


area (2.10m)(4.90 m) 


= 6.64xl0 3 W/m 2 


(c) 


(d) 


A powerful automobile that is running on sunlight would have 
to carry on its roof a solar panel huge compared with the size of 
the car. 


Agriculture and forestry for food and fuels, space heating of 
large and small buildings, water heating, and heating for drying 
and many other processes are current and potential applications 
| of solar energy._ 


Power output = (power input)(efficiency). 
Thus, 


„ . Power out l.OOxlCrW _ __ .„ 6tat 

Power mput =-=-=3.33 x 10 W 

r eff 0.300 


and 


3.33xlO 6 W 


I 1.00xlO 3 W/m 2 


= 3.33xlO 3 m 2 


(a) E B = (80.Oi + 32.0j - 64.0k)(N/C) • (o.200i + 0.080 Oj + 0.290k) ,uT 
E • B =(l6.0 +2.56 -18.56) jdT • N/C 2 =\o\ 
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P34.25 


P34.26 


(b) S =— E x B 
Mj 


- 1 -|r(80.0i +32.0 j- 64.0k) N/cl 

xlO T-m/A JL' J ' J 

x [(o.200i +0.080 Oj +0.290k) /ir] 
6.40k - 23.2 j - 6.40k +9.28i -12.8 j +5.12i ) x 10" 6 W/m 2 


(ll.5i-28.6j) W/m 2 


=30.9 W/m 2 at - 68.1° from the +x axis 


(a) I 


(3.00xlO 6 V/m f 


2Pq C 2(4n xlO ' 7 T-m/A)(3.00xl0 8 m/s) 
7 = | 1.19xlO 10 W/m 2 | 

(b) P =IA =Inr 2 =(l.l9 x 10 10 W/m 2 )tt^- 


f 5.00 x 10 -3 m 


= 2.34xlO 5 W 


The energy put into the water in each container by electromagnetic 
radiation can be written as A E —ePAt —elAAt, where e is the 
percentage absorption efficiency. This energy has the same effect as 
heat in raising the temperature of the water: 

elAAt =mcAT =pVcAT 
AJ , _ eli 1 At _ eIAt 

ptc pic 


where i is the edge dimension of the container and C the specific heat 
of water. For the small container. 


0.700(25.0xlO 3 W/m 2 )(480 s) - 5 —, 

(lO 3 kg/m 3 )(0.060 0 m)(4186 J/kg-°C) ^ ^ ^ 


For the larger. 


AT 


0.910(25.0xl0 3 W/m ! )(480 s) 
Vo 3 kg/ m 3 )( 0.120 m )(4186J/°C) 


=| 21.7°C 
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P34.27 


P34.28 


P34.29 


P34.30 


(a) B max =— 
c 

E 2 


_7.00xl0 5 N/C 
3.00 xlO 8 m/s 


= |2.33 mT| 


(b) 7 = 


2^c‘ 


7.00 x10 s V/m „ ( , 

I \-n- - ---, =6.50 x 10 8 W/m 2 

2(4?rxl0 T-m/A)(3.00xl0 8 m/s) ' 

=1 650 MW/m 2 I 


(c) 7=^: P =IA =(6.50xlO 8 W/m 2 )^(l.00x 10~ 3 m) 2 j = |~511W~| 

(a) We assume that the starlight moves through space without any of 
it being absorbed. The radial distance is 

20 ly =20c(lyr) =20(3.00xlO 8 m/s)(3.16xl0 7 s) 

=1.89xlO 17 m 

4.00xlO 28 W 


7 = 


4?r r 2 4tt(i.89x 10 17 m) 2 


=8.88xlO' 8 W/m 2 


=|88.8 nW/m 2 1 


(b) The Earth presents the projected target area of a flat circle: 
P =ia =(8.88xlO' 8 W/m 2 (6.37xlO 6 m) 2 ] 

=1.13xlO 7 W= | 11.3 MW] 

The Poynting vector is 

^ _ Power _Power 
avg A 4 nr 2 

In meters, 

r =(5.00 mi)(l 609 m/mi) =8.04x 10 3 m 
and the intensity of the wave is 
„ 250xlO 3 W 


4^(8 045 m) 2 


= 307 jjSN/ m 2 


(a) The intensity of the broadcast waves is 

i= BL£ _ P 
2 M, 4 nr 2 
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solving, 

’-■iSjm-UW) 

_ | (lO.O x 10 3 W )(47T x 10 7 T • m/A) . 

]j 2tt( 5.00x 10 3 m ) 2 (3.00x 10 8 m/s) ^' 

(b) Since the magnetic field of the Earth is approximately 5 x 10 ” 5 T, 
the Earth's field is some 100 000 times stronger. 

The average Poynting flux is 

-Pave E 2 


4k r 2 2 p 0 c 


solving. 


x ^2/x 0 cS avg Jp 0 c 


P avg 


= (4ttx10“ 7 T m/A)(3.00xl0 8 m/s) 


2tt[ 4.00(1 609 m)f 


= 0.0761 V/m 


The maximum emf (amplitude) induced in a length L of wire is 
AV max =E max L =(76.1 mV/m)(0.650 m) = | 49.5 mV | 


*P34.32 Power =SA =^M 47 rr 2 ) 
2-PqC ' 


*P34.33 


Solving for r, 

_ [PM / 7 _ 1(100 W)(4^xl0 - 7 T-m/A)(3.00xl0 8 m/s) 
r y 2 ttE^ x V 2 tt( 15.0 V/m ) 2 

= | 5.16 m | 

(a) P =/ 2 R =150 W 

A =2nrL =2tt( 0.900 x 10 " 3 m)(0.080 0 m) =4.52 x 10 -4 m 2 


P 150 W 
A 4.52 x 10 ” 4 m 2 


332 kW/m 2 | (points radially inward) 


(b) 


B= _ 7 V = ( 1.00 A)foxier 7 T-m/A) 
2 nr 2^(0.900xl0' 3 m) 


=| 222 jJT | 
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AV _IR 
Ax L 


150 V 
0.080 0 m 


1.88 kV/m | 


P34.34 


Note that these values yield S =— =332 kW/m 2 , in agreement 
with the result from part (a). 

(a) £„ 8 =cB ms =(3.00 xlO 8 m/s)(l.80x lO -6 t) = | 540 V/m | 

(b) From Equation 34.25, 


(c) 


_( B max) 2 _ (l-80xl0^ T) 2 

Mavg 2/J, jl 0 4;rxl0~ 7 T-m/A 

=cu avg =(3.00xlO 8 m/s)(2.58xl0- 6 J/m 3 ) = 


2.58 J/m 3 


1773 W/m 2 


Section 34.5 Momentum and Radiation Pressure 

p 

P34.35 The intensity of the beam is I = pow f r , where r = 1.00 x 10 3 m. By 

nr 

Equation 34.29, the radiation pressure on the mirror is 


28 2 T 2 P 

p __ power 

c c nr 2 c 


2(25.0xl0“ 3 W) 


n (l.OO x 10 3 m) 2 (3.00xl0 8 m/s) 
P34.36 For complete absorption, from equation 34.27, 


= 5.31 xlO" 5 N/m 2 


c 3.00 x 10 8 m/s 


= 8.33 x 10" 8 N/m 2 = | 83.3 nPa | 


P E 2 

P34.37 (a) I =— 7 =^^, and r = 1.00 x 10' 3 m: 

nr 2)J 0 c 

E =IW 


_ 2[4^xl0“ 7 T-m/A](3.00xlO 8 m/s)(l5.0x 10“ 3 w) 
]j n( 1.00xl0“ 3 m) 2 

=1.90 x 10 8 J ^#kN/c| ^ 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 



Chapter 34 589 


P34.38 


P34.39 


(b) The beam carries power P . The amount of energy A E in the length 
of a beam of length t is the amount of power that passes a point 
in time interval At =i / c : 


p _A E _A E 
~ At ~l/c 


(l.OO m) =1 50.0 pj I 


c 3.00x10 m/s 
(c) From Equation 34.27 and our result in part (b), the momentum 
and energy carried a light beam are related by 


(a) 1 = 


_ 1 KR —ZZZL = 


AE _ 50.0 xl0“ 12 J 


c 3.00 x 10 8 m/s 


= 1.67xlO" 19 kg-m/s 


_ E 2 max 

~2 PoC 


' 2 PqcP 


(b) The beam carries power P . The amount of energy A E in the length 
of a beam of length t is the amount of power that passes a point 
in time interval At =£/c: 


(c) 


P 


Af £/c | c | 


From Equation 34.27 and our result in part (b), the momentum 
and energy carried a light beam are related by 


V 


■Tm. = ^L —I I 

c c | c 2 | 


The radiation pressure on the disk is 

P =£=£=I=X. 

c c A nr 2 ’ 

Thus, F=^l 
c 

Because the force acts uniformly over the 
surface of the disk, we may consider it to be 
acting at the center of the disk when 
calculating its torque. Take torques about 
the hinge: 

5> =0: 



ANS. FIG. P34.39 


H x [ 0) +H [0)-mgrsm0 + Kr ^ =0 

c 
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P34.40 


P34.41 


Solving for the angle gives 


.A Jtr 2 I 
Q =sm I- 


;r (0.400 m ) 2 (l0.0xl0 6 W/ m 2 ) 
[(0.024 0 kg)(9.80 m/ s 2 )(3.00 x 10 8 m/s) 
=sin _1 0.071 2 = | 4.09° | 

S I 

(a) The light pressure on the absorbing Earth is P =— =-. 

c c 

The force is 


p =pA _I I p2)_ 0- 370 W/m 2 );r(6.37x 10 6 m) 2 
c V ' 3.00 x10 s m/s 

= | 5.82 x10 s N~] 
away from the Sun. 

(b) The attractive gravitational force exerted on Earth by the Sun is 
_ GM s M m 

g 4 

_(6.67xl0 -11 N• m 2 /kg 2 )(l.991 x 10 30 kg)(5.98xl0 24 kg) 
(l.496xlO n m ) 2 

=3.55 xlO 22 N 


which is | 6.10 x 10 13 times stronger | compared to the repulsive 
force in part (a). 

(a) The magnitude of the momentum transferred to the assumed 
totally reflecting surface in time interval At is (from Equation 
34.29) 


A p = 


Then the momentum transfer is 


Ap 


2SAAt _ 2(6.00 i W/m 2 )(40.0xl0~ 4 m 2 )(1.00 s) 
c 3.00 x10 s m/s 


Ap =| 1.60 x 10 10 i kg • m/s each second 
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P34.42 


(b) The force is 


^ _ c _2SA ; _2(6.00 W/m 2 ) (40.0 xhr 4 m 2 )(l.00 s) 
c 3.00xl0 8 m/s 


= 1.60 x 10“° i N 


(c) [The answers are the same. Force is the time rate of momentum| 


transferl. 


(a) If P s is the total power radiated by the Sun, and r E and r M are the 
radii of the orbits of the planets Earth and Mars, then the 
intensities of the solar radiation at these planets are: 


md f “ = i 


Thus, 


=(1370 W/m' 


i 


1.496x10“ m V 
2.28x10“ m I 


= | 590 W/m 2 | 

(b) Mars intercepts the power falling on its circular face: 

P M =I M (nR 2 M ) =(590 W/m 2 )[tt( 3.37xlO 6 m) 2 ] 
=|2.10xl0 16 W| 


(c) If Mars behaves as a perfect absorber, it feels pressure 
8 J 

p — M — M 


so the light-pressure force is 


c 3.00xlO 8 m/s 


= 7.01 xlO 7 N 


(d) Using our results from above, we have F L =/, 


xRl 


I M =I E -\, so the light-pressure force on Mars is F L =I E -|-—. 

r M r M c 

The attractive gravitational force exerted on Mars by the Sun is 

= gm m m The . r ratiQ ig 


Fg_ _ GM s M m J cGM s W m 

F l \ 'hr 2 7rR 2 M {nI E r>)R 2 M 
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P34.43 


(e) 


Suppressing units. 


(3.00 x 10 8 )(6.67 x 10“ u )(l.991 x 10 3 ° 


7r(l 370)(l.496xl0 u 


^ =(414 m 2 /kg)^% =(414 m 2 /kg) [ 6 ' 42Xl ° ^ 

F L K *'R 2 m K ° (3.37x 10 6 m) 

=2.34 xlO 13 

The attractive gravitational force exerted on Mars by the Sun is 
|~ 10 13 times stronger | than the repulsive light-pressure force of 
part (c). 

The expression for the ratio of the gravitational force to the light- 
pressure force for Earth is similar to that used in part (d) for Mars 
(replace M with E ): 

y =(414 =(414 m7kg) j^ X |° ^ 

F l r e (6.37 x 10 m) 

=6.10 xlO 13 


The values are similar for both planets because both the forces 
follow inverse-square laws. The force ratios are not identical 
for the two planets because of their different radii and masses. 


(a) The radiation pressure is 


The force on area A is 

2(l370 W/m 2 


F =PA -- 


3.00 x 10 8 m/s 
(b) The acceleration is: 

F 5.48 N 


(6.00 x10 s 


=9.13x10 4 m/s 2 


m 6 000 kg 
=1913 jJm/s 1 away from the Sun I 


(c) It will arrive at time t, where d =—at z or. 


\ld 2 3.84xl0 8 m „ ,-. 

t =J— = 1 —^ - -7 - =9.17xlO 5 s = 10.6 days 

\a ^ 9.13xlO" 4 m/s 2 1 - 1 
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Section 34.6 
P34.44 (a) 


(b) 

P34.45 (a) 

(b) 

P34.46 (a) 


(b) 

(c) 


Production of Electromagnetic Waves 
by an Antenna 

The wavelength of an ELF wave of frequency 75.0 Hz is 

X =— = 3-00 x 10 s m/s =4 q Qx t Q6 m 
/ 75.0 Hz 

The length of a quarter-wavelength antenna would be 
L =1.00 x 10 6 m =1 1.00 xlO 3 km I 


or L =(l 000 km)f °' 62 \ mi ] =| 621 mi | 


1.00 km J 


[While the project may be theoretically possible, it is not very) 


practical.) 


, A C 3.00 XlO 8 m/s r-r-. - 1 

" = I = i7 = 4(560xl0 3 Hz) =[I ^ 1 

3.00xlO 8 m/s 


= |46.9r 


4 4/ 4(l600xl0 3 Hz) 

The magnetic field B /J 0 / max cos (kx -cot) k applies for X > 0, 
since it describes a wave moving in the i direction. The electric 
field direction must satisfy S=— ExB as i = j x k so the 

M. 

direction of the electric field is j when the cosine is positive. For 
its magnitude we have E = cB, so altogether we have 



lx cos(kx- cot)] ■ 

S =—ExB 

1 1 2 r2 
= — -A/jCj^COS 

Mi 

Mi 4 ^ 

S 

^cos 2 (kx-cot)i 


The intensity is the magnitude of the Poynting vector averaged 
over one or more cycles. The average of the cosine-squared 


function is —. so 
2 


i 
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*P34.47 


P34.48 


P34.49 


87 


8 570 W/m 2 


(d) J max = -= - A - Y ^-= 3.48 A/m 

\ JLtgC I — - 1 

For the proton, Newton's second law gives 
XF =tna: qvB sin 90.0°=^-. 

The period and frequency of the proton's circular motion are therefore: 

JkR Jxm 2^1.67 xlO" 7 kg) 7 

v qB (l.60 x 10” 9 C)(0.350 T) 

and / =5.34 xlO 6 Hz. 

The charge will radiate at this same frequency, with 

. c 3.00xlO 8 m/s r-=-—- 1 

/ 5.34xlO 6 Hz 1 - 1 

For the proton, £F =ma yields 

qvBsm90.0° = 1 ^— -> v =^—~ 

^ R m 

The period of the proton's circular motion is therefore: 

^ 2kR 2k m 


The frequency of the proton's motion is / =— 

The charge will radiate electromagnetic waves at this frequency, with 


2 nmc 


Refer to ANS. FIG. P34.49. For any wavelength: 

(a) Constructive interference occurs when dcosQ =nA, for some 
integer n. 


} = n A =1 Al =' 
H d \xjl) 


cos# =n— =n\ - =2 n n =0, ±1, ±2, ... 


.-. strong signal @ 6 =cos 1 0 =90°, 270°, or 

along the perpendicular bisector of the line segment joining 
the antennas. 
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(b) Destructive interference occurs when 

J „ (2n + lV 

acos 0 = l—-—I A: cos 0 = 2n + l 

/. weak signal @6 = cos -1 (± 1 ) = 0 °, 180°, or 

[along the extensions of the line segment joining the antennas. | 

S3 0° phase 0180° phase 
D waves add □ waves cancel 


ANS. FIG. P34.49 




Section 34.7 The Spectrum of Electromagnetic Waves 

P34.50 


(a) / =— m /s | ^qs || ra diowave I 

J X l.7m I -II- 1 


(b) 1 000 pages, 500 sheets, is about 3 cm thick so one sheet is about 

6 x 10” 5 m thick. 


/ 


3.00 xlO 8 m/sr 


■ 10 13 Hz infrared 


6 x 10“ 5 m 

P34.51 (a) fX =c gives (5.00xlO 19 Hz)A =3.00xlO 8 m/s: 

| X =6.00 x IQ - 12 m =6.00 pm~| 

(b) fX=c gives (4.00 x 10 9 Hz)A =3.00 x 10 8 m/s: 

| A =0.075 0 m =7.50 cm | 

P34.52 The time interval for the radio signal to travel 100 km is: 

Ax _ 100xlO 3 m „ 

At,.---3.33 x 10 s 

r 3.00 x10 s m/s 

The sound wave travels 3.00 m across the room in: 


343 m/s 
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Electromagnetic Waves 


Therefore, | listeners 100 km away | will receive the news before the 
people in the newsroom by a total time difference of 
At =8.75 x 1(T 3 s - 3.33 x KT 4 s =8.41 x 1(T 3 s 
P34.53 From /A =c, 

Channel 3: f = 60.0 MHz to 66.0 MHz. 

(a) Channel 4: f = 66.0 MHz to 72.0 MHz, A = |4.17 m to 4.55 m| . 
72.0-76.0 MHz is reserved for non-TV purposes. 

Channel 5: f= 76.0 MHz to 82.0 MHz. 

(b) Channel 6: f = 82.0 MHz to 88.0 MHz, A = |3.41 m to 3.66 m| . 
88.0-174 MHz is reserved for non-TV purposes. 

Channel 7: f= 174 MHz to 180 MHz. 

(c) Channel 8: f = 180 MHz to 186 MHz, A = |l.61 m to 1.67 m] . 


Additional Problems 

*P34.54 From the electromagnetic spectrum chart and accompanying text 
discussion, the following identifications are made: 


Frequency, f 

Wavelength, A =y 

Classification 

2 Hz = 2 x 10° Hz 

150 Mm 

Radio 

2 KHz = 2 x 10 3 Hz 

150 km 

Radio 

2 MHz = 2 x 10 6 Hz 

150 m 

Radio 

2 GHz = 2 x 10 9 Hz 

15 cm 

Microwave 

2 THz = 2 x 10 12 Hz 

150 jUm 

Infrared 

2 PHz = 2 x 10 15 Hz 

150 nm 

Ultraviolet 

2 EHz = 2 x 10 18 Hz 

150 pm 

X-ray 

2 ZHz = 2 x 10 21 Hz 

150 fm 

Gamma ray 

2 YHz = 2 x 10 24 Hz 

150 am 

Gamma ray 
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Wavelength, X, 

Frequency, f 

Classification 

2 km = 2 x 10 3 m 

1.5 x 10 5 Hz 

Radio 

2 m = 2 x 10° m 

1.5 x 10 8 Hz 

Radio 

2 mm = 2 x 10 -3 m 

1.5 x 10 11 Hz 

Microwave 

2 jtftn = 2 x 10 -6 m 

1.5 x 10 14 Hz 

Infrared 

2 nm = 2 x 10” 9 m 

1.5 x 10 17 Hz 

Ultraviolet/X-ray 

2 pm = 2 x 10 -12 m 

1.5 x 10 2 ° Hz 

X-ray/Gamma ray 

2 fm = 2 x 10 -15 m 

1.5 x 10 23 Hz 

Gamma ray 

2 am = 2 x 10 -18 m 

1.5 x 10 26 Hz 

Gamma ray 


P34.55 


(a) From P = 5A , we have 

P =(l 370 W/m 2 )[4;r(l.496x 10 u m) 2 ] = | 3.85 xlO 26 W] 


(b) 


S 


E 2 ax 

2/JqC 


so 


^max — V^/^CS 

=^2(4^xl0“ 7 T m/A)(3.00xl0 8 m/s)(l 370 W/m 2 ) 

= | 1.02 kV/m | 


(c) 



so 


_ T^n/Ar^lTsTO - W/irL^y 

\ c y 3.00xlO 8 m/s 

= | 3.39 jL/T | 


P34.56 We use the relationship between energy density and electric field 
magnitude that we studied previously for a static field. The energy 
density can be written as 

u E =j£ 0 E? nax 
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P34.57 


P34.58 


*P34.59 


l2ul 12U.00 x 10 " 14 N-m 2 ) ,-, 

so L = I—- = J- 75—7 - T = 95.1 mV/m 

^ ]/e 0 y 8.85 x 10 C /N ■ m 1 - -— 1 

The wavelength is found from 

.. . c 3.00 xlO 8 m/s r ————%—1 

J f 5.45 x 10 14 Hz 1 - 1 

The angular frequency of the wave is 

0 ) =2ji f =2tt(3.00x10 9 s' 1 ) =1.88xlO 10 s " 1 
and the wave number is 


, 2k 0) 
k =— =— =2 k 
A c 


3.00xlO 9 s' 1 


Also, 


Then, 


3.00 xlO 8 m/s J 
300 V/m 


=20.0^r m 1 =62.8 m 1 


c 3.00xlO 8 m/s 


= 1.00 in 


\e =3QOcos(62.8x-1.88xlQ 10 f) | 

[b =1.00cos(62.8x-1.88xlO 10 f) | 

where E is in volts per meter (V/m), B is in microtesla (jl/T), X is in 
meters, and t is in seconds. 

(a) The power incident on the mirror is: 

P, =IA =(l 370 W/m 2 )[7r(100 m) 2 ] =4.30xlO 7 W. 

The power reflected through the atmosphere is 
P R =0.746(4.30xlO 7 W) = | 3.21 xlO 7 W~| 


s=Pl= 3.21 X 10 7 W _l Q 6 gg W/m 2 I 
A 7r(4.00x 10 3 m) 1 --- 1 

(c) Noon sunshine in St. Petersburg produces this power-per-area on 
a horizontal surface: 

^ =0.746(l 370 W/m 2 )sin7.00° =125 W/m 2 


The radiation intensity received from the mirror is 
( 0.639 1 
{ 125 V 
January. 


0.639 W/m 100 % =1 0.513% of that from the noon Sun in 
125 W/m 2 J ' - 1 
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*P34.60 (a) 

(b) 


c 3.00 xlO 8 m/s r— -1 

/ 20.0 x 10 9 s _1 1 - 1 

U =P[At) =(25.0 x 10 3 J/s)(l.00 x 10~ 9 s) 
=25.0 x 10" 6 J = | 25.0 jUj | 



ANS. FIG. P34.60 


(c) 


= U U 

Mavg ~v ~{nr 2 Y 

U 25.0xhT 6 J 

(nr 2 )c(At) k (0.060 0m) 2 (3.00xlO 8 m/s)(l.00xl0" 9 s) 

« avg =7.37 x 10~ 3 j/m 3 = | 7.37 mj/m 3 ] 


(d) E max = 


^ I 2(7.37x10-3 J/og r =4 08xl0 , 

V e 0 V 8 - 85xl ° C /N-m ' 


_E S!1 x _ 4.08x 10 4 V/m =L36xlQ . T = ^fl 
max c 3.00 x10 s m/s 1 -I 

(e) F =PA =(^) A =« av A =(7.37 x 10" 3 j/m 3 )tt (0.060 0 m ) 2 

=8.33 x 10~ 5 N =1 83.3 pN I 


P34.61 Suppose you cover a 1.7 m x 0.3 m section of beach blanket. Suppose 
the elevation angle of the Sun is 60°. Then the effective target area you 
fill in the Sun's light is 

A =(l.7 m)(0.3 m)cos30° =0.4 m 2 


P34.62 


■xt T P AE 

Now I =— =-, 

A AAt 


AE =IAAt =(0.5)[(0.6)(l 370 W/ m 2 )](o.4 m 2 )(3 600 s) 


-10 6 J 


P =(AV)_ or Poc ( A y)2 
R 

AV =(-)E y - Ay =E y ■icosG 
AV oc cos 6 so cos 2 0 



ANS. FIG. P34.62 
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P34.63 


P34.64 


(a) 

6 =15.0°: P =P ma 

x cos 2 (15.0°) =0.933P ma 

x =| 93.3% 

(b) 

6 =45.0°: P =P ma 

, x cos 2 (45.0°) =0.500P ma 

x =| 50.0% 

(c) 

6 =90.0°: F =P ma 

x cos 2 (90.0°) = 0 f 



The gravitational force exerted by the Sun on the particle is given by 
„ GM q m 


M-(H 


where M s = mass of Sun, r = radius of particle, and R = distance from 
Sun to particle. The force exerted by solar radiation on the particle is 
given by F rad =PA, and since the particle absorbs all the radiation, by 
Equation 34.28, we have 

F =PA =-n;r 2 
c 

When the particle is in equilibrium, the gravitational force toward the 
Sun is balanced by the force of radiation away from the Sun, 

f rad =f grav' SO 



Solving for r, the radius of the particle, then gives 
3 SR 2 
4 cGM s p 

Suppressing units, 

3(214)(3.75x 10 11 ) 2 

r _ 4(3.00 x 10 8 )(6.67 x 1CT 11 )(l.991 x 10 30 )(l 500) 
=3.78 x 10“ 7 m = | 378 nm | 


The gravitational force exerted by the Sun on the particle is given by 


GM s m 

R 2 


( GM S Y 

f 4 3 'll 

wi 

ir r JJ 


where M s = mass of Sun, r = radius of particle, and R = distance from 
Sun to particle. The force exerted by solar radiation on the particle is 
given by F rad =PA, and since the particle absorbs all the radiation, by 
Equation 34.28, we have 

F =PA =-n:r 2 
c 
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P34.65 


P34.66 


When the particle is in equilibrium, the gravitational force toward the 
Sun is balanced by the force of radiation away from the Sun, 

F rad =F grav 1 SO 



Solving for r, the radius of the particle, then gives 

_| 3 SR 2 
4 cGM s p 


The magnetic-field amplitude is 

_^max _0-200xIQ" 6 V/m = k67xl0 -, <T | 


q on v in* 


(b) The intensity is the Poynting vector averaged over one or more 
cycles, given by 

_ £ Lx _ (0.200 x 1CT 6 V/m) 2 

avg ~2p^c ~2(4nxl0- 7 T-m/A)(3.00xl0 8 m/s) 

= | 5.31 x 1CT 17 W/m 2 | 


(c) The power tells how fast the antenna receives energy. It is 
P =S avg A =5^^) =(5.31 xlCT 17 W/m 2 );r[^|^j 

= | 1 . 67 xlCT 14 ~wH 


(d) The force tells how fast the antenna receives momentum. It is 

5.31 xlCT 17 W/m 2 "j r20.0 mV 
3.00 x10 s m/s J\ 2 J 

= | 5.56xIQ" 23 n] 

(approximately the weight of 3 000 hydrogen atoms!) 

Of the intensity S = 1 370 W/m 2 , the 38.0% that is reflected exerts a 
pressure 

_2S, _ 2(0.380)S 

1 c c 


f=pa= (¥M 


The absorbed light exerts pressure 

_S„ _ 0.620S 
f 2 

c c 
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P34.67 


P34.68 


Altogether the pressure at the subsolar point on Earth is 

1.38S 1.38(1370 W/m 2 ) ,-|-i 

(a) P»„i=P,+fi=—= , L = 6.30xl0- 6 Pa 

c 3.00x10 m/s 1 - 1 


(b) Compared to normal atmospheric pressure, 

P a _ 1.01 xlO 5 N/m 2 
P total 6.30x10^ N/m 2 

=| 1.60 x 10 10 times smaller than atmospheric pressure | 
The mirror intercepts power 

P =1^ =(l.00 x 10 3 W/m 2 )[n (0.500 m) 2 ] =785 W • 


(a) In the image, I 2 =—, so 


k (0.020 Or 


r = 625 kW/m 2 


(b) I 2 


2M, c 

^max =V^ 

=^2(4nxl0- 7 T-m/A)(3.00xl0 8 m/s)(6.25x 10 5 W/m 2 ) 
=1 21.7 kN/C I 


(c) B max = 72.4 jL/T 


(d) We obtain the time interval from 
0.400 [PAt) =mcAT 
solving, 

At _mcAT _(l.00kg)(4186J/kg-°c)(l00°C-20.0°C) 
0.400P “ 0.400(785 W) 

=1.07 x 10 3 s =* [ 17.8 min | 


(a) In E =— - 2 i = t~t 
4 ne n r 4nr 


_487 N-m 2 /C. 
4?rr 2 


E =^^r where E is in volts per meter and r is in meters. 
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P34.69 


(b) The radiated intensity is 

7 = _p^ = eL 

4nr 2 PqC 

solving, 

E = l 2 ^ cP =1 [WP 

max V 47rr 2 r\ 2 k 

_1 l( 47TX1CT 7 T-m/A)(3.00xl0 8 m/s)(25.0 W) 
~ri 2n 


£ max = —— where £ is in volts per meter and r is in meters. 


(c) 


(d) 


(e) 


For £ max = — =3.00 x 10 6 ^ r =1.29 x 10' 5 =12.9 x 10“ 6 , so r is 

_ r _ 

12.9 fjm, but the expression in part (b) does not apply if this point) 
is inside the source] 

From part (c), we see that fn the radiated wave, the field] _ 

amplitude is inversely proportional to distance. As the distance) 
doubles, the amplitude is cut in half.] 

In the static case, the field is inversely proportional to 
the square of the distance. As the distance doubles, the 
field is reduced by a factor of 4. 


(a) At steady state, P in = P out and the power radiated out is 
Pont =ecrAT 4 . Thus, 


- p out l 1 / 4 

900 W/m 2 

_eoA\ 

0.700(5.67xlO' 8 W/m 2 -K 4 ) 


= | 388 K | =115°C 


(b) The box of horizontal area A presents projected area A sin 50.0° 
perpendicular to the sunlight. Then by the same reasoning, 

0.900(l 000 W/m 2 )Asin50.0° 

=0.700(5.67 xlO" 8 W/m 2 -K 4 ) AT 4 


(900 W/m 2 ) sin 50.0° 
0.700 (5.67 x 10“ 8 W/m 2 -K 4 


= |363 K| =90.0°C 
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P34.70 


(a) See ANS. FIG. P34.70 




(a )E y 

ANS. FIG. P34.70 


( b ) »E = J E 2 = | e 0 cos 2 (far) 


(0 m,=-B 2 

(d) Note that 


2M, 


B 2 max cos 2 {kx) 


1 E^ 2 . 1 E 2 max 

Ur, = —^COS (fcc) =- I , \ 

2m c 2 2m(1/MmJ 

=^g Q E^ ax cos 2 (kx) =u E 


cos (kx) 


Therefore, u = u E + u B = |e 0 E^ ax cos 2 (fcc)| . 

(e) E a =J* mA rfx 

E a = J Q A g 0 £ 2 ax cos 2 (kx)Adx = E 2 ax A^ + ^cos(2fct) j Acfo: 


= ~ e o E Lx A x\o + ^f^Asm{2kx)\l 


2 

1 

= 2^ 


= \ g n E^AX + g ° ^” ax A[sin(4;r) - sin(0)] 


(f) P 


(g) / 


= 




, JE 

a lG)EL 

AA 

1 


r 2 (i//) 

2 ^ 


| ^0 CE^ax- 



P 

A 

1 

-e 


3 ELM A- 


2 e o cELx^ 
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(h) 


From part (g), we have 


. M) g 0 C ^max 

M) 2 




1 cE 2 max 

C 2 2Pq 


E 2 ax 

'2p 0 c 


E 2 

The result in part (g) agrees with I = max in Equation 34.24. 

2 MT 


P34.71 


The bead is black, so we assume it absorbs all light that strikes it. The 
bead presents an effective face of area A = nr 2 to the light. Since we 
assume the bead to be perfectly absorbing, the light pressure, from 
Equation 34.28, is 



c c A 

so the light force is F, =-A. 

c 


(a) The light force balances the weight, F f =F g/ so 
I 2 

-nr =mg 
c 


solving. 


T _mgc 

nr 2 


p\-nr gc 


4 

: 3 PCgr 


= l( Q20 l Q 0^m 3 kg ]( 3 - 0Qxl ° 8 m /s)(9.80 m/s 2 ) 
x(0.500xl0~ 3 m) 

I = [3.92 xlO 8 W/m 2 ] 

(b) The minimum power required is 

P =ia =(3.92xlO 8 ~W/m 2 )n (0.500x 10” 3 m f = |308W| 

P34.72 The bead is black, so we assume it absorbs all light that strikes it. The 
bead presents an effective face of area A = nr 2 to the light. Since we 
assume the bead to be perfectly absorbing, the light pressure, from 
Equation 34.28, is 

c c A 

so the light force is F f =-A. 
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P34.73 


(a) The light force balances the weight, F e =F g , so 


-nr =mg 
c 


solving. 


f 4 A 


,.m g cAr r k. j 
1 2 2 

4 

gpcgr 


nr nr 

3 


The minimum power required is 

„ ra (4 \ l\ 

4 3 

P=IA=[-pc § rj(nr>) = 

: 3 mgr 


(a) A hemisphere is half a sphere: 

m =pV =p[^ 7rr3 ]] = 5 - 50 + 4(0.800) kg = 8.70 kg 

JemY 3 J 6(8.7 kg) f _ r _ 1 

^ [(990 kg/m 3 ) 4n) I 0-161 m I 

(b) A =^4nr 2 =2^(0.161 m) 2 = | 0.163 m 2 | 

(c) P =ecr AT 4 and T = 31.0 + 273.0 = 304 K: 

P =0.970(5.67 x 10“ 8 W/m 2 • K 4 )(o.l63 m 2 )(304 K) 4 
= | 76.8 W | 

(d) I = 6(7 T 4 

I =0.970(5.67 x 10" 8 W/m 2 • K 4 )(304 K) 4 
= pl70W/m 2 | 


(e) 


I _—max_ 

2 Ai 0 c 

£ max =(2 l^clT 

=[2(4^ xlO" 7 Tm/A)(3.00xl0 8 m/s)(470 W/m 2 )] V2 
=1 595 N/C I 
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P34.74 


(f) E max =cB m 


595 N/C 
3 x 10 8 m/s 


= 1.98 jL/T 


(g) Each kitten has radius r k 


4-^f =["f= 0 . 0728m 

p4;r J [ 990 x 4k _ 


and radiating area 2k (o.072 8 m) 2 =0.033 3 m 2 . The mother cat 
has area 2k\ 


\ 6 5.50 T 2 

k - =0.120 m . The total glowing area is 

L990x4ttJ 6 6 

0.120 m 2 + 4(0.033 3 m 2 ) =0.254 m 2 and has power output 

P =IA =(470 W/m 2 )(0.254 m 2 ) = | 119 W | . 

(a) On the right side of the equation. 


C 2 m/s 2 


N• m 2 • C 2 • m 2 • s 3 _N-m _J _ 


C 2 • s 4 • m 3 


(C 2 /Nm 2 )(m/s) 3 
(b) F = ma = qE, or 

=a E = (l.60 X 10-’c)(l00N/C) = | L76xl0 , Jm/s2 | 


9.11 xlO" 31 kg 

(c) The radiated power is then: 


q 2 a 2 _ (l.60xl0- 19 C) 2 (l.76xl0 13 m/s 2 ) 2 

6n e 0 c 3 6^(8.85xl0' 12 C 2 /N-m 2 )(3.00xl0 8 m/s) 3 

= | 1.75 x!0~ 27 W | 


(d) 


( v 2 \ 

F =ma c =m I — I =qvB, 


qBr 

so v = A — 

m 

The proton accelerates at 

_z; 2 _q 2 B 2 r _(l.60xl0 -19 c) 2 (0.350 T) 2 (0.500 m) 
r m 2 (l.67xl0 -27 kg) 2 

=5.62xlO 14 m/s 2 
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The proton then radiates 

p _ fa 2 _ (l.60xl0- 19 Cf (5.62xlO 14 m/s 2 ) 2 

6n e 0 c 3 6 tt(8.85x10- 12 C 2 /N-m 2 )(3.00xl0 8 m/s) 3 
=-.1.80 x!0~ 24 w] 

P34.75 We take R to be the planet's distance from its star, and r to be the 
radius of the planet. 

(a) The effective area of the planet over which it absorbs light is its 
projection onto a plane perpendicular to the light from its sun. 
The projected area of a planet of radius r is nr 2 , so [the planet] 

dvef aiefea isf% 

(b) [The planet radiates over its entire surface area, 4;rr 2 .| 

(c) At steady-state, P in = P out : 

el^[nr 2 ) =eo[4nr 1 )T i 

6.00xl0 23 2 \ /, 2 \„ 4 . , 

- ^ - \[nr) =ecr(4nr )T , so that 

6.00xl0 23 W=16 noR 2 T A 

6.00xlO 23 W 
16no T 4 



6.00 x 10 23 W 


16^r(5.67xlO’ 8 W/m 2 -K 4 )(310 K)' 


= 4.77xlO 9 m 


Challenge Problems 

P34.76 We are given f = 90.0 MHz and E max =200 mV/m =2.00 x 10" 3 V/m 

(a) The wavelength of the wave is A =y = | 3.33 m~| 

(b) Its period is T = y = 1.11 xlO" 8 s = [Tl.l ns| 

(c) We obtain the maximum value of the magnetic field from 

B max = E ^ =6.67 x 10- 12 T = | 6.67 pT | 
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P34.77 


(d) 


(e) 


(f) 

(g) 

(a) 

(b) 

(c) 

(d) 

(e) 


E =(2.00xlCT 3 )cos27r f ——90.0xl0 6 t j 


j =(6.67 x 10~ 12 )cos2^f ^ - 90.0 x 10 6 f ]k 


where E is in V/m, B in tesla, X in meters, and t in seconds. 
EL v (2.00 xlO“ 3 V/m) 2 


2 PgC 2(4tt x10~ 7 T-m/A)(3.00xl0 8 m/s) 
=1 5.31 xlO" 9 W/m 2 I 


From Equation 34.26, / = CU avg so u avg =- = 1.77x10 17 j/m 3 | 


From Equation 34.30, the pressure is 

21 (2)(5.31xl0' 9 W/m 2 ) .---, 

c 3.00 x10 s m/s 1 - 1 

The magnetic field has amplitude 

_—175V7m— =5 83x 10 -7 T = | 583nT | 

c 3.00 x 10 s m/s 1 - 1 

The wave number is 


In 


In 


A 0.015 0 m 


- =1 419 m' 1 I 


The angular frequency is 

a =kc =(419 m _1 )(3.00 x 10 s m/s) =1.26 x 10 11 s' 1 


S^ExB, S is in the X direction, and E vibrates in the y direction 
(xy plane), so B must vibrate in the Z direction, thus 
| B vibrates in the xz plane |. 


The magnitude of the average Poynting vector is the wave 
intensity 


E max B max (175 V/m)(5.83xl0- 7 T) 

2(4,x^N/A»l =4 °' 6 WM 


The Poynting vector itself points in the direction of energy 
transport: 

S avg = |40.6i W/m 2 ] 
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(f) 

(g) 


For perfect reflection, the pressure is 


_2S _2(40.6 W/m 2 ) 
c 3.00 xlO 8 m/s 
From Newton's second law. 


=2.71 x 1CT 7 N/m 2 = | 271 nPa 


_XF _PA _(2.71xlCT 7 N/m 2 )(o.750 m 2 ) 
m m 0.500 kg 

=4.07 xl(T 7 m/s 2 


P34.78 


P34.79 


a = | 407i nm/s 2 | 

We can approximate the magnetic field as uniform over the area of the 
loop while it oscillates in time as B = B max coscot. The induced voltage is 

£ =- =- — (BA cost?) =-A— (b x coscotcosd) 

dt dt dt ' 

or £ = A B max co (sin co t cos 0 ) 

(a) Since the angular frequency is co =2 nf, and the area of the loop 
is nr 2 , the amplitude of this emf is 

[~£ max =ln 2 r 2 f B max cos6 \ 

where 6 is the angle between the magnetic field and the normal 
to the loop. 

(b) If E is vertical, B is horizontal, so [the plane of the loop should be| 
vertical) and [the plane should contain the line of sight of the) 
transmitter) . 

(a) From the particle under a net force model, the acceleration of the 
astronaut is 

=L = i 

m m dt 

where dp/dt is the rate of change of momentum of the astronaut. 
From the momentum version of the isolated system model, the 
rate of change of momentum of the astronaut is equal in 
magnitude to that of the radiation from the flashlight. The 
momentum of the radiation leaving the flashlight can be 
evaluated from Equation 34.27, assuming the same equation for 
complete absorption applies to complete emission. Therefore, the 
acceleration of the astronaut can be written as 


dfT ER \_ 1 dT ER _P 
mdt\ c ) me dt me 
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where P is the power of the radiation leaving the flashlight. 
Because all three variables on the right side of this equation are 
constant, the acceleration of the astronaut is constant and we can 
use the particle under constant acceleration model. The position 
of the astronaut is given by. 


1 , If P \ , 

X — X: + V:t 4- Clt = 0 + 0H-- \t 

2 2 \mc) 


where we have defined the initial position of the astronaut as 
x = 0 and recognized that the astronaut begins from rest. Solve 
for the time at which the astronaut is at a position X: 

Substituting numerical values, 

2(ll0 kg)(3.00 x 10 8 m/s)(l0.0 m) 

—-—- — -- =8.12 x 10 4 s 

100 w 

= [2Z6hj 




(b) There are no external forces on the astronaut-flashlight system, so 
the system is isolated for momentum. Apply the conservation of 
momentum principle along an axis parallel to the direction of 
travel of the astronaut and the flashlight: 

Ap =0 -> Pi=p f —> 0 =(m-m f )v-m f (v iel -v) 


Solve for the speed of the astronaut: 



Because this speed is constant, we can use the particle under 
constant velocity model to find the time interval required for the 
astronaut to arrive back at her spacecraft: 

_Ax _ m ( Ax 
v m f {v iel 


Substituting numerical values. 


/ 110 kg ^ 10.0 m 
\ 3.00 kg J 12.0 m/s 


=| 30.6 s | 
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lNSWERS to even-numbered problems 


P34.2 (a) 7.19 x 10 11 V/m • s; (b) 2.00 x 10' 7 T 

P34.4 (—4.39i -1.76 j) x 10 11 m/s 2 

P34.6 (a) 3.15x 10 3 j N/C; (b) 5.25k xl0“ 7 T; (c) 4.83 (-j) x 10 16 N 

P34.8 11.0 m 

P34.10 4.738 x 10 14 Hz 

P34.12 733 nT 

P34.44 60.0 km 

P34.16 See P34.16 for full explanation. 

P34.18 The ratio of co to k is higher than the speed of light in a vacuum, so the 
wave as described is impossible. 

P34.20 8.64 x 10 10 m 

P34.22 (a) 6.75 W/m 2 ; (b) 6.64 x 10 3 W/m 2 ; (c) A powerful automobile running 

on sunlight would have to carry on its roof a solar panel that is huge 
compared to the size of the car; (d) Agriculture and forestry for food 
and fuels, space heating of large and small buildings, water heating, 
and heating for drying and many other processes are current and 
potential applications of solar energy. 

P34.24 (a) 0; (b) (ll.5i - 28.6j) W/m 2 

P34.26 For the small container, 33.4° and for the larger container, 21.7° 

P34.28 (a) 88.8 nW/m 2 ; (b) 11.3 MW 

P34.30 (a) 5.16 x 10“ 10 T; (b) Since the magnetic field of the Earth is 

approximately 5 x 10’ 10 T, the Earth's field is some 100 000 times 
stronger. 

P34.32 5.16 m 

P34.34 (a) 540 V/m; (b) 2.58 jtij/m 3 ; (c) 773 W/m 2 

P34. 36 83.3 nPa 


P34.38 

P34.40 


(a) 5.82 x 10 8 N; (b) 6.10 x 10 13 times stronger 
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P34.42 

P34.44 

P34.46 

P34.48 

P34.50 

P34.52 

P34.54 

P34.56 

P34.58 

P34.60 

P34.62 

P34.64 

P34.66 

P34.68 


(a) 590 W/m 2 ; (b) 2.10 x 10 16 W; (c) 7.01 x 10 7 N; (d) ~10 13 times 
stronger; (e) The values are similar for both planets because both the 
forces follow inverse-square laws. The force ratios are not identical for 
the two planets because of their different radii and masses. 

(a) 1.00 x 10 3 km or 621 mi; (b) While the project may be theoretically 
possible, it is not very practical. 

(a) ^-/r 0 c/ max cos(fcx-(yf)j; (b) ^cJ;; ax cos 2 (fo:-(yf)i; (c) ^c/^ x ; 

Z 4 o 

(d) 3.48 A/m 
2k me 
c\B 

(a) ~10 8 Hz radio wave; (b) ~10 13 Hz infrared 

Listeners 100 km away will receive the news before the people in the 
newsroom. 

See table in P34.54 for full description. 

95.1 mV/m 

£ =300cos(62.8x-1.88x10 w t) and B =1.00cos(62.8*-1.88x10 10 f) 

(a) 1.50 cm; (b) 25.0 fi]; (c) 7.37 mj/m 3 ; (d) E max = 40.8 kV/m, 

Bmax = 136 /ST; (e) 83.3 
(a) 93.3%; (b) 50.0%; (c) 0 

3 SR 2 
4 cGM s p 

(a) 6.30 x 10” 6 Pa; (b) 1.60 x 10 10 times smaller than atmospheric 
pressure 

(a) E =^^r, where E is in volts per meter and r is in meters; 

(b) E m = where £ is in volts per meter and r is in meters; 

max r 

(c) 12.9 fim, but the expression in part (b) does not apply if this point is 
inside the source; (d) From part (c), we see that in the radiated wave, 
the field amplitude is inversely proportional to distance. As the 
distance doubles, the amplitude is cut in half; (e) In the static case, the 
field is inversely proportional to the square of distance. As the distance 
doubles, the field is reduced by a factor of 4. 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 



614 Electromagnetic Waves 


P34.70 


(a) See ANS. FIG. P34.70; (b) - e 0 E n 2 iax cos 2 (fee); (c) -^B 2 ax cos 2 (/cx); 

2 2/J 0 

(d) £ max COs2 ( fa ); (e) £ max M ; ( f ) ^0 (g) | *0 c£ max I 

E 2 

(h) The result in part (g) agrees with I = max in Equation 34.24. 


4 4 

(a) —pcgr ; (b) -Trpcgr" 


P34.74 (a) See P34.74(a) for full proof; (b) 1.76 x 10 13 m/s 2 ; (c) 1.75 x 1CT 27 W; 

(d) 1.80 x 10’ 24 W 

P34.76 (a) 3.33 m; (b) 11.1 ns; (c) 6.67 pT; 

(d) E =(2.00x 10“ 3 )cos2tt ^^^--90.0xl0 6 fand 

B =(6.67 xl0“ 12 )cos2^^-90.0 xl0 6 fjk;(e) 5.31 x 10' 9 W/m 2 ; 

(f) 1.77 x 10“ 17 J/m 2 ; (g) 3.54 x 10“ 17 Pa 

P34.78 (a) £ max =2n 2 r 2 f B mm cos 0; (b) The plane of the loop should be vertical 

and the plane should contain the line of sight of the transmitter. 
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35 


The Nature of Light and 
the Principles of Ray Optics 


CHAPTER OUTLINE 


35.1 The Nature of Light 

35.2 Measurements of the Speed of Light 

35.3 The Ray Approximation in Ray Optics 

35.4 Analysis Model: Wave Under Reflection 

35.5 Analysis Model: Wave Under Refraction 

35.6 Huygens's Principle 

35.7 Dispersion 

35.8 Total Internal Reflection 

|* An asterisk indicates a question or problem new to this edition.) 


lNSWERS to objective questions 


OQ35.1 The ranking is answer e, c, b, a, d. We consider the quantity X/d : the 
smaller it is, the better the ray approximation works. The quantity 
X/d is about (a) 0.34 m/1 m = 0.3, (b) 0.7 jum/2 mm « 0.000 3, (c) 0.4 
jUm/2 mm = 0.000 2, (d) 300 m/1 m = 300, (e) 1 nm/1 mm = 0.000 001. 

OQ35.2 Answer (c). As light travels from one medium to another, both the 
wavelength of the light and the index of refraction of the medium 
will change, but the product An is constant: A 2 n 2 =A air n air . Ingoing 
from air into a second medium of index n, according to Equation 
25.6, n =X/X n =495 nm/434 nm =1.14. 


615 
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OQ35.3 Answer (b). In going from carbon disulfide (/T, = 1.63) to crown glass 
(n 2 = 1.52), the critical angle for total internal reflection is 

0 C =sin“ 1 ^j =sin^^|j =68.8° 

OQ35.4 Answers (a), (b), and (c) are all correct statements. The frequency of a 
wave does not change when it travels from one medium to another: 

/j =/ 2 —> —n 2 X 2 ; also, Snell's law of refraction states 

n A sin 0, =n 2 sin 0 2 . By their definitions, n =c/v =c/fX and 
sin0 =l/cs cd. Thus, Snell's law can take these alternate forms: 

sin 0, sin 6, v, v 2 esc 6, esc 0 2 X, X 2 

v 1 v 2 sin t/ sin 0 2 n 1 n 2 sin 6, sin 0 2 

Snell originally stated his law in terms of cosecants. 

OQ35.5 Answer (e). The index of refraction of glass is greater than that of air, 
which means the speed of light in glass is slower than in air (n = c/v). 
The frequency does not change, but because the speed decreases, the 
wavelength also decreases. 

OQ35.6 Answer (b). When light is in water, the relationships between the 
values of its speed and wavelength to the values of the same 
c c 3 

quantities in air are n water =-> u water =- =—c, and 

^ water W water 4 

="» A* -> K*. ” fV 

V '‘water J ’ 

OQ35.7 Answer (c). Water has a greater index of refraction than air. In 

passing from one of these media into the other, light will be refracted 
(deviated in direction) unless the angle of incidence is zero (in which 
case, the angle of refraction is also zero). Because the angle of 
refraction can be zero only if the angle of incidence is zero, ray B 
cannot be correct. In refraction, the incident ray and the refracted ray 
are never on the same side of the line normal to the surface at the 
point of contact, so ray A cannot be correct. Also in refraction, 
n 2 sin 0 2 =n 1 sin 6,; thus, if n 2 > n v then 0 2 <6{. the refracted ray 
makes a smaller angle with the normal in the medium having the 
higher index of refraction. Therefore, rays D and E cannot be correct, 
leaving only ray C as a likely path. 

OQ35.8 Answer (c). The time interval is 10 4 m/(3 x 10 8 m/s) = 33 ps. 

OQ35.9 Answer (c). For any medium, other than vacuum, the index of 

refraction for red light is slightly lower (closer to 1) than that for blue 
light. This means that when light goes from vacuum (or air) into 
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OQ35.10 

OQ35.11 


OQ35.12 

OQ35.13 

OQ35.14 

OQ35.15 


glass, the red light deviates from its original direction less than does 
the blue light. Also, as the light reemerges from the glass into 
vacuum (or air), the red light again deviates less than the blue light. 

If the two surfaces of the glass are parallel to each other, the red and 
blue rays will emerge traveling parallel to each other, but displaced 
laterally from one another. The sketch that best illustrates this 
process is C. 

For a wave to experience total internal reflection, it must be traveling 
in the medium in which it moves slower, in which it has a greater 
index of refraction. 

(i) Answer (a). Water has a greater index of refraction than air. 

(ii) Answer (c). The sound travels slower in air than in water. 

Answer (c). Consider the sketch in ANS. 

FIG. OQ35.11 and apply Snell's law to the 
refraction at each of the three surfaces. 

Because the surfaces are parallel, the 
resulting equations are 

(l.OO)sin0 =n 1 sin a (Top surface) 
n x sin a =n 2 sin /3 (Middle surface) 

n 2 sin (3 = (1.00) sin </> (Bottom surface) 

These equations allow us to equate the left side of the first equation 
with the right side of the last equation: 

(l.OO)sin0 =(l.OO)sin0 —> 0 =6 

Color A travels slower in the glass of the prism. Light with the 
greater change in speed will have the greater deviation in direction. 

Answer (c). We want a big difference between indices of refraction to 
have total internal reflection under the widest range of conditions. 

Answer (a). In a dispersive medium, the index of refraction is largest 
for the shortest wavelength. Thus, the violet light will be refracted (or 
bent) the most as it passes through a surface of the crown glass. 

Answer (b). For a wave to experience total internal reflection, it must 
be traveling in the medium in which it moves slower, in which it has 
a greater index of refraction. A light ray, in attempting to go from a 
medium with index of refraction n, into a second medium with index 
of refraction n 2 , will undergo total internal reflection if n 2 < n, and if 
the ray strikes the surface at an angle of incidence greater than or 
equal to the critical angle. 
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ANSWERS TO CONCEPTUAL QUESTIONS 


CQ35.1 


CQ35.2 


CQ35.3 


The water level in a clear glass is observable because light is refracted 
as it passes from air to water to air. The index of liquid helium is very 
close to that of air, so very little refraction occurs as light travels from 
air to helium to the air. 

At the altitude of the plane the surface of the Earth need not block off 
the lower half of the rainbow. Thus, the full circle can be seen. You 
can see such a rainbow by climbing on a stepladder above a garden 
sprinkler in the middle of a sunny day. Set the sprinkler for fine mist. 
Do not let the slippery children fall from the ladder. 

(a) We assume that you and the child are 
always standing close together. For a flat 
wall to make an echo of a sound that you 
make, you must be standing along a 
normal to the wall. You must be on the 
order of 100 m away, to make the transit 
time sufficiently long that you can hear 
the echo separately from the original 
sound. Your sound must be loud enough 
so that you can hear it even at this 
considerable range. In ANS. FIG. 

CQ35.3(a), the circle represents an area in 
which you can be standing. The arrows 
represent rays of sound. 

(b) Now suppose two vertical perpendicular 
walls form an inside corner that you can 
see. Some of the sound you radiate 
horizontally will be headed generally 
toward the corner. It will reflect from 
both walls with high efficiency to reverse 
in direction and come back to you, as 
shown in ANS. FIG. CQ35.3(b). You can ANS FIG. CQ35.3 
stand anywhere reasonably far away to 

hear a retroreflected echo of sound you produce. 

(c) If the two walls are not perpendicular, the inside corner will not 
produce retroreflection. You will generally hear no echo of your 
shout or clap. 

(d) If two perpendicular walls have a reasonably narrow gap 
between them at the comer, you can still hear a clear echo. It is 
not the corner line itself that retroreflects the sound, but the 
perpendicular walls on both sides of the comer. [ANS. FIG. 
CQ35.3(b) applies also in this case.] 
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(e) At some angles, sound will reflect from the first wall but not the 
second; rather, it will pass into the breezeway, as shown in 
ANS. FIG. CQ35.3(c), so there will be no echo. 

CQ35.4 The stealth fighter is designed so that adjacent panels are not joined 
at right angles, to prevent any retroreflection of radar signals. This 
means that radar signals directed at the fighter will not be channeled 
back toward the detector by reflection. Just as with sound, radar 
signals can be treated as diverging rays, so that any ray that is by 
chance reflected back to the detector will be too weak in intensity to 
distinguish from background noise. 

CQ35.5 "Immediately around the dark shadow of my head, I see a halo 

brighter than the rest of the dewy grass." It is called the hdligaischdn. 
Cellini believed that it was a miraculous sign of divine favor 
pertaining to him alone. Apparently none of the people to whom he 
showed it told him that they could see halos around their own 
shadows but not around Cellini's. Thoreau knew that each person 
had his own halo. He did not draw any ray diagrams but assumed 
that it was entirely natural. Between Cellini's time and Thoreau's, the 
Enlightenment and Newton's explanation of the rainbow had 
happened. Today the effect is easy to see whenever your shadow 
falls on a retroreflecting traffic sign, license plate, or road stripe. 
When a bicyclist's shadow falls on a paint stripe marking the edge of 
the road, her halo races along with her. 

CQ35.6 An echo is an example of the reflection of sound. Hearing the noise 
of a distant highway on a cold morning, when you cannot hear it 
after the ground warms up, is an example of acoustical refraction. 
You can use a rubber inner tube (or balloon of the same shape) 
inflated with helium as an acoustical lens to concentrate sound in the 
way a lens can focus light: the speed of sound is greater in helium, so 
wavefronts passing through the helium speed ahead of wavefronts 
passing through the air in the doughnut hole of the tube, so that the 
overall shape of the wavefronts changes from plane to concave, 
resulting in a focusing of the wave. At your next party, see if you can 
experimentally find the approximate focal point! 

CQ35.7 Highly silvered mirrors reflect about 98% of the incident light. With a 
2-mirror periscope, that results in approximately a 4% decrease in 
intensity of light as the light passes through the periscope. This may 
not seem like much, but in low-light conditions, that lost light may 
mean the difference between being able to distinguish an enemy 
armada or an iceberg from the sky beyond. Using prisms results in 
total internal reflection, meaning that 100% of the incident light is 
reflected through the periscope. That is the "total" in total internal 
reflection. 
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CQ35.8 


CQ35.9 


CQ35.10 


CQ35.11 


CQ35.12 


Diamond has higher index of refraction than glass and consequently 
a smaller critical angle for total internal reflection. A brilliant-cut 
diamond is shaped to admit light from above, reflect it totally at the 
converging facets on the underside of the jewel, and let the light 
escape only at the top. Glass will have less light internally reflected. 

If a laser beam enters a sugar solution with a concentration gradient 
(density and index of refraction increasing with depth), then the laser 
beam will be progressively bent downward (toward the normal) as it 
passes into regions of greater index of refraction. 

With a vertical shop window, streetlights and his own reflection can 
impede the window shopper's clear view of the display. The tilted 
shop window can put these reflections out of the way. Windows of 
airport control towers are also tilted like this, as are automobile 
windshields. 



ANS. FIG. CQ35.10 


(a) Light from the lamps along the edges of the sheet enters the 
plastic, and then the front and back faces of the plastic totally 
internally reflect it, wherever the plastic has an interface with air. 
If the refractive index of the grease is intermediate between 1.55 
and 1.00, some of this light can leave the plastic into the grease 
and leave the grease into the air. The surface of the grease is 
rough, so the grease can send out light in all directions. The 
customer sees the grease shining against a black background. 

(b) The spotlight method of producing the same effect is much less 
efficient. With it, the blackboard absorbs much of the light from 
the spotlight. 

(c) The refractive index of the grease must be less than 1.55. 

Perhaps the best choice would be Vl-55 x 1.00 =1.24. 

A mirage occurs when light changes direction as it moves between 
batches of air having different indices of refraction because they 
have different densities at different temperatures. When the sun 
makes a blacktop road hot, an apparent wet spot is bright due to 
refraction of light from the bright sky. The light, originally headed a 
little below the horizontal, always bends up as it first enters and then 
leaves sequentially hotter, lower-density, lower-index layers of air 
closer to the road surface. 
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CQ35.13 


CQ35.14 


CQ35.15 


CQ35.16 


CQ35.17 


Light rays coming from parts of the pencil under water are bent 
away from the normal as they emerge into the air above. The rays 
enter the eye (or camera) at angles closer to the horizontal, thus the 
parts of the pencil under water appear closer to the surface than they 
actually are, so the pencil appears bent. See CQ35.16 for an 
illustration of a related effect. 

No. The speed of light V in any medium except vacuum is less than 
the speed of light Cin vacuum. By definition, the index of refraction 
n= c/v, thus the index of any material medium is always greater 
than 1. A material with an index less than 1 is impossible. 

Light travels through a vacuum at a speed of 300 000 km per second. 
Thus, an image we see from a distant star or galaxy must have been 
generated some time ago. For example, the star Altair is 16 light- 
years away; if we look at an image of Altair today, we know only 
what was happening 16 years ago. This may not initially seem 
significant, but astronomers who look at other galaxies can gain an 
idea of what galaxies looked like when they were significantly 
younger. Thus, it actually makes sense to speak of "looking 
backward in time." 

With no water in the cup, light rays from the coin do not reach the 
eye because they are blocked by the side of the cup. With water in 
the cup, light rays are bent away from the normal as they leave the 
water so that some reach the eye. 



In ANS. FIG. CQ35.16(a), ray ais blocked by the side of the cup so it 
cannot enter the eye, and ray b misses the eye. In ANS. FIG. 

CQ35.16(b), ray ais still blocked by the side of the cup, but ray b 
refracts at the water's surface so that it reaches the eye. Ray b seems 
to come from position 6, directly above the coin at position A. 

(a) Scattered light rays leave the center of the photograph, shown 
in ANS. FIG. CQ35.17(a), in all horizontal directions between 6 1 =0° 
and 90° from the normal. When the light rays immediately enter the 
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water they are gathered into a fan, 
shown in ANS. FIG. CQ35.17(b), 
between 0° and 0 2 max given by 

n 1 sin 0, =n 2 sin 0 2 
1.00 sin 90 =1.333 sin 0 2 max 
0 2 max =48.6° 

The light rays leave the cylinder 
without deviation because they travel 
along the normal everywhere they 
strike the surface of the glass, so the 
viewer only receives light from the 
center of the photograph when he has 
turned by an angle less than 48.6°. 



(c) 

ANS. FIG. CQ35.17 


(b) When the paperweight is turned farther, light at the back 
surface undergoes total internal reflection, shown in ANS. FIG. 
CQ35.17(c). The viewer sees things outside the globe on the far side. 


SOLUTIONS TO END-OF-CHAPTER PROBLEMS 


Section 35.1 The Nature of Light 

Section 35.2 Measurements of the Speed of Light 

*P35.1 We find the energy of the photons from Equation 35.1, E =hf. 

(a) E =hf =(6.63xl(T 34 J-s)(5.00xl0 17 Hz)(- 1 eV iq | 

J V A \ 1.60x10 9 J J 

= |2.07xl0 3 eV| =2.07 keV 
he 

(b) E=/z/=y 


(6.63x KT 34 J-s)(3.00xl0 8 m/s). 

f 1 nm ^ 

f leV 1 

3.00xlO 2 nm 

^ 10“ 9 m J 

^l^OxlO -19 J J 


= |4.14eV| 


P35.2 (a) The Moon's radius is 1.74 x 10 6 m and the Earth's radius is 6.37 x 

10 6 m. The total distance traveled by the light is: 

d =2(3.84xlO 8 m-1.74xl0 6 m-6.37xl0 6 m) 

=7.52 xlO 8 m 
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This takes 2.51 s, so 
7.52 x 10 8 m 


2.51s 


=|3.00xl0 8 m/s| 


(b) The sizes of the objects need to be taken into account. Otherwise 
the answer would be too large by 2%. 

The experiment is most convincing if the wheel turns fast enough to 
pass outgoing light through one notch and returning light through the 
2 £ 

next. This requires At =—, or 

c 

0=coAt =g>^ 

_cd _(2.998x 10 8 m/s)[2^/(720)] 


2(ll.45 x 10 3 m) 


= 114 rad/s 


The returning light would be blocked by a tooth at one-half the 
angular speed, giving another data point. 

The difference is due to the extra time light takes to cross Earth's orbit. 
From Ax =cAt, we have 

_Ax _2(l.50xl0 8 km)(l000 m/km) 

°~~At (22.0 min)(60.0 s/min) 


=|2.27xl0 8 rn/s] 


Section 35.3 The Ray Approximation in Ray Optics 
Section 35.4 Analysis Model: Wave Under Reflection 
Section 35.5 Analysis Model: Wave Under Refraction 


P35.5 


(a) f =- = 3 ' 00 X1°' ™ /s =| 4 .74 x 10 14 Hzl 
J X 6.328 x 10 m 1 - 1 


,i , . A air 632.8 nm r——-, 

(b) V =— = r cn =| 422 nm ] 


( c ) 


_ 3.00 x 10 m/s _ 
1.50 


:|2.00xl0 8 m/sj 


Refracted light enters the diver's eyes. The angle of refraction d 2 is 
45.0°. From Snell's law, 

n x sin 6, =n 2 sin 0 2 
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P35.7 


P35.8 


P35.9 


Solving, 

6 1 =sin _ 1 (l.333sin45.0°) 
=70.5° from the vertical 



« 2 = 1.333 

ANS. FIG. P35.6 

We find the angle of incidence from Snell's law, n a sin=n 2 sin 0 2 . 
Solving, 

1.333 sin =1.52sinl9.6° -> G 1 =22.5° 


The angle of reflection of the beam in water is then also | 22.5° J . 

(a) The dashed lines are parallel, and alternate interior angles are 
equal between parallel lines, so the angle of refraction law at the 
air-oil interface is 20.0°. Applying Snell's law, 

n an sin G =n oil sin a 
1.00 sin 6 =1.48 sin 20.0° 


yields 


6 =30.4° 


(b) The angle of incidence a = 20.0°. Applying 
Snell's law at the oil-water interface, 

ft water =n 0 H SUia 

1.33 sin 0' =1.48 sin 20.0° 


yields 


' t# -22.3°% 


\ N , 
'Wo 0 

LXi 

1 V 

Linseed 

oil 


Water 

ps 


N' 



ANS. FIG. P35.8 


, . „. , i c 3.00xl0 8 m/s r —-——5 -n 

(a) flint glass: v =— =-= |l.81x 10 s m/s| 


,,, . c 3.00xlO 8 m/s .-s , 1 

(b) water: v= =--=|2.25xl0 m/s| 


1.333 


(c) cubic zirconia: v =— 


c 3.00x10 m/s 


=|l.36x 10 8 nV^ 
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P35.10 


P35.ll 


P35.12 


ANS. FIG 0(a) 


(a) Let AS be the originally horizontal 
ceiling, BC its originally vertical normal, 

AD the new ceiling, and DE its normal. 

Then angle BAD = 0. By definition DE is 
perpendicular to AD and BC is 
perpendicular to AB. Then the angle 
between DE extended and BC is 0 
because angles are equal when their sides 
are perpendicular, right side to right side 
and left side to left side. 

(b) Now CBE = 0 is the angle of incidence of ANS. FIG. P35.10(b) 
the vertical light beam. Its angle of 

reflection is also 0. The angle between the 
vertical incident beam and the reflected beam is 2 0. 

(c) tan20 Cm =0.00194 |0 =0.055 7°| 



720 cm 


From Snell's law, n 2 sin0 2 =n 1 sin 0,. Thus, when 0, =45.0° and the 
first medium is air (n 2 = 1.00), we have sin0 2 =(l.00)sin45.0°/n 2 . 


(a) 


(b) 


(c) 


For quartz, n 2 = 1.458: 

_ x { (l.OO)sin 45.0° 


0, =sin . 

2 i, 1.458 
For carbon disulfide, n 2 = 1.628: 

x f (l.OO)sin 45.0 1 


= |29.0°| 


0 2 =sin 




1.628 


For water, n 2 = 1.333: 

_ . _ x f (l.OO)sin45.0 1 


]=Sj 


At entry, the wave under refraction model, expressed as 
n x sin 0-, = n 2 sin 0 2 , gives 


n . -if Wj sin 0 X ^ . _if l.C 

e > =sm [^rj =sm h 


To do ray optics, you must remember some 
geometry. The surfaces of entry and exit are 
parallel so their normals are parallel. Then angle 
0 2 of refraction at entry and the angle 0 3 of 
incidence at exit are alternate interior angles 
formed by the ray as a transversal cutting 



ANS. FIG. P35.12 
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P35.13 


P35.14 


parallel lines. Therefore, 0 3 =0 2 =| 19.5° |- 
At the exit point, n 2 sin 0 3 =n 1 sin0 4 gives 


. . _ 3 f n 2 sir\6 3 ^ . J 1.50sinl9.5°T_| . n i 

Q, =sin 1 -2-^ =sin 1 - = 30.0° 

4 { n, ) { 1.000 J 1 - 1 


Because 0, and 0 4 are equal, the departing ray in air is parallel to the 
original ray. 

Taking 0 to be the apex angle and 8 min to 
be the angle of minimum deviation (See 
ANS. FIG. P35.13), from Equation 35.9, the 
index of refraction of the prism material is 

sin[(o +<5 mm )/2] 

U sin (0/2) 

Solving for <5 mjn , 


8 mm = 2sin 1 nsin 


!)- 



0 


= 2SUT 1 [(2.20)sin(25.0°)] - 50.0° 
= | 86 . 8 ° | 


(a) The law of refraction n 3 sin 0, =n 2 sin 0 2 
can be put into the more general form 

— sin (9, =—sin 0 2 

V l V 2 

sin 0, sin 0 2 

V l V 2 


35.0° 

air n t = 1 


y water n 2 = 4/3 


ANS. FIG. P35.14 


This is equivalent to Equation 35.3. This form applies to all kinds 
of waves that move through space. 

In air at 20°C, the speed of sound is 343 m/s. From Table 17.1, the 
speed of sound in water at 25.0°C is 1493 m/s. The angle of 
incidence is 13.0°: 


sin 13.0° 
343 m/s 

0 2 = 


sin Q 2 


1493 m/s 
: |78.3°| 
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*P35.15 


*P35.16 


(b) The wave keeps constant frequency in all media: 

f= ^_ 

= VA _1 493 m/s{0.589 m) =[5 ^ 

2 v 1 343 m/s 1 

(c) Using Snell's law, 

n 2 sin 6 2 =n, sin 6/ 

1.333 sin d 2 =1.000 293 sin 13.0° 

0 , 


: | 442 nm | 


... _v 2 \ _n 1 A 1 _ 1.000 293(589 nm)_r 

(d) ^ n, -D55- 


(e) 


The light wave slows down as it moves from air to water, but 
the sound wave speeds up by a large factor. The light wave 
bends toward the normal and its wavelength shortens, but the 
sound wave bends away from the normal and its wavelength 
increases. 


From the wave under refraction model, n, sin 6/ =n 2 sin 0 2 , we solve for 
the index of refraction n, in the substance: 


sin 25.0° 

Then, from the definition of index of refraction. 


n 2 =1.90 =-: v =- 
2 v 1 

(a) ftjSint^ =n 2 sin 0 2 

1.00 sin 30.0° =nsin 19.24° 

n= [l52] 


- =1.58 x 10 8 m/s = | 158 Mm/s | 


(c) / = 


(b) 


_c 

_ 3.00 x10 s 

m/s 

~Y 

6.328 x 10 

-7 m 

m 

_c _ 

_ 3.00 x10 s 

m/s i 

n 

1.52 


V 

_1.98 x 10 s 

m/s 

~1" 

4.74 xlO 1 ' 

1 s _1 


| 4.74 x 10 14 Hz | in air and in syrup. 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 




628 The Nature of Light and the Principles of Ray Optics 


*P35.17 (a) The angle of incidence at the first surface is 6 U =|30.0°|, and the 

angle of refraction is 


6L =sin 1 


1.5 


)-m 


Also, a =90°-0 lr =71° and j8 =180°-60°-a =49°. 
Therefore, the angle of incidence at the second surface is 
0 2i =90°- jB =| 41 0 1. The angle of refraction at this surface is 

a ■ -1 f w glass s ^ n @2i ^ . -if 1.5 sin 41° A I I 

2 ' =sm l^~J =sm 

ANS. FIG. P35.17 traces the path of the ray of light. 



(b) The angle of reflection at each surface equals the angle of 
incidence at that surface. Thus, 

=»u and (e,L ^ =e a =m 

’''PSS.IS ANS. FIG. P35.18 shows the path of the light ray. a and / are angles 
of incidence at mirrors 1 and 2. 



ANS. FIG. P35.18 

For triangle abca, 

2 a +2 y +/3 =180° 
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or (5 =180°-2(a + 7 ). [1] 

Now for triangle bcdb, 

(90.0°- a) +(90.0° - 7 ) +6 =180° 

or 6 = a + 7 . [ 2 ] 

Substituting equation [2] into equation [1] gives | =180°-2 6 | . 


Note: From equation [2], 7 =6- a. Thus, the ray will follow a path like 
that shown only if a <6. For a >6, 7 is negative and multiple 
reflections from each mirror will occur before the incident and 
reflected rays intersect. 

*P35.19 Consider glass with an index of refraction of 1.50, which is 3.00 mm 
thick. The speed of light in the glass is 


3.00 xlO 8 m/s 
L50 


=2.00x10' 


m/s 


The extra travel time is 


P35.20 


3.00 x 10 ~ 3 m 3.00 x 10 ~ 3 m 1 ——n—I 

-o-^~ I U S 

2.00xlO 8 m/s 3.00xlO 8 m/s- 

For light of wavelength 600 nm in vacuum and wavelength 

600 nm _^qq nm j n gi asS/ the extra optical path, in wavelengths, is 


3 x 10 ~ 3 m 

4 x 10 ” 7 m 


3 x 10 ~ 3 m 
6 x 10 -7 m 


~ 10 3 wavelengths 


(a) Method One: 

The incident ray makes angle a =90°- 6 1 
with the first mirror. In ANS. FIG. P35.20, 
the law of reflection implies that d 1 =6[ 

Then ANS. FIG. P35.20 

p=9Q°-e; =90-6, =a. 

In the triangle made by the mirrors and the ray passing between 
them, 

P +90° +7 =180° 

7 =90°-P 

Further, <5 =90 °-7 =[5 =a 
and g =5 =a. 
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P35.21 


P35.22 


Thus the final ray makes the same angle with the first mirror as 
did the incident ray. Its direction is opposite to the incident ray. 

Method Two: 


(b) 


The vector velocity of the incident light has a component V y 
perpendicular to the first mirror and a component V x 
perpendicular to the second. The V y component is reversed upon 
the first reflection, which leaves V x unchanged. The second 
reflection reverses v x and leaves v y unchanged. The doubly 
reflected ray then has velocity opposite to the incident ray. 

The incident ray has velocity v x i +v j +c z k. If all of these 
components are non-zero, the light will reflect from each mirror 
because each component carries the light into the mirror that is 
perpendicular to that component: for example, the x component 
of velocity carries the light into the mirror in the yz plane. Each 
reflection reverses one component and leaves the other two 
unchanged. After all the reflections, the light has velocity 
-v x i - v y ) - v z k, opposite to the incident ray. 


(a) From geometry, 

1.25 m = d sin 40.0° 
so d = | 1.94 m [ . 

(b) | 50.0° above the horizontal ~| 

or parallel to the incident 
ray. 



ANS. FIG. P35.21 


(a) At entry, n 1 sin6 1 =n 2 sm0 2r 
or 1.00 sin 30.0° =1.50 sin 0 2 , 

which gives 0 2 =19.5°. 

The distance h the light travels in the medium is given by 
2.00 cm 


cos d 7 


h 


or 


h 


2.00 cm 
cosl9.5° 


=2.12 cm. 
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P35.24 
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The angle of deviation upon entry is 
a =6 1 - d 2 =30.0°-19.5° =10.5° 

The offset distance comes from sin a =—: 

h 

d =(2.12 cm)sinl0.5° = | 0.387 cm~| 



(b) The speed of light in the material is 
c 3.00 xlO 8 m/s 


=2.00x10® m/s 


The distance h traveled by the light is h = 2.12 cm. The time 
interval is 


h _ 2.12 xl0“ 2 m 
V” 2.00 x10 s m/s 


=1.06 x 10 -10 


s =| 106 ps 


From Table 35.1, the index of refraction of ice is 1.309. The pulses are in 
step with each other until one enters the ice, then that pulse slows 
down. The difference in the times of arrival of the pulses is 



At =(1.309-1.000)--=6.39xl0~ 9 s =|6.39ns| 

3.00x10® m/s 1 - 1 

Refraction proceeds according to 

(l.OOjsinflj =(l.66)sin0 2 [1] 

(a) For the normal component of velocity to be constant, 

z^cosflj =v 2 cos0 2 or (c)cos6/ = —I cos 6/ [2] 

U-66/ 


We multiply equations [1] and [2], obtaining: 

sin 6 1 cos 6, =sin$ 2 cos 0 2 or sin 2 6 1 = sin 26/ 
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P35.25 


P35.26 


We do not consider the case d 1 =0. The physical solution is 
20 1 =18O°-20 2 or 0 2 =9O.O°-0 1 
Then equation [1] becomes: 
s in0j =1.66 cos 0 1 
tan 0, =1.66 
6\ =58.9° 


[Yes, if the angle of incidence is 58.9°.| 


(b) 


No. Both the reduction in speed and the bending toward 
the normal reduce the component of velocity parallel to 
the interface. This component cannot remain constant for 
a nonzero angle of incidence. 


(a) As measured from the diagram, the incidence angle is 60°, and 

the refraction angle is 35°. From Snell's law, s ^ n ^ 2 =!1 l =^_1 / then 

sin0 1 n 2 v 1 

S ^ n ^ =— and the speed of light in the block is |2.0x 10 8 m/s|. 
sin 60° c 1 - 1 

(b) The frequency of the light does not change upon refraction. 
Knowing the wavelength in a vacuum, we can use the speed of 
light in a vacuum to determine the frequency: C= /A, thus 

3.00 x10 s =/(632.8xl0“ 9 ), so the frequency is |4.74xl0 14 Hz| . 

(c) To find the wavelength of light in the block, we use the same 
wave speed relation, v=f) l, so 2.0 x 10 s =(4.74 x 10 14 ) A, so 
A glass = 4.20x10 7 W 420 nm . 


From Snell's law, the angle of refraction 0 inside the liver is 
sin0 = Wmedium sin50.0° 

l "liver ) 

g^jt "medium _ ^/"medium _ "liver _Q qQQ 

"liver Oliver Medium 

so 0 =sin _1 [(0.900)sin50.0°] =43.6°. 


From the law of reflection. 
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P35.27 


P35.28 


and 


d 

tan# 


6.00 cm 
tan 43.6° 


= | 6.30 cm | . 



ANS. FIG. P35.26 


The refracted sunlight does not illuminate 
any part of the bottom when it strikes its far 
inside edge: 

sin #, =n w sin d 2 


sin # 9 = —-—sin#. 

2 1.333 1 

^1. 333 Sin (90-0°- 28.0°) =0.662 
# 2 =sin“ 1 (0.662) =41.5° 


d _ 3.00 m 
tan # 2 tan 41.5° 


3.39 m | 



Note for use in every part (refer to ANS. FIG. P35.28): from apex angle <J>, 
O +(90.0° - # 2 ) +(90.0° - # 3 ) =180° 

SO # 3 =<J >-#2 

At the first surface the deviation is 
a =#, - # 2 

At exit, the deviation is 

P =# 4 - 0 3 ANS. FIG. P35.28 

The total deviation is therefore 



<5 = a + = #3 + # 4 - # 2 - # 3 = #j + # 4 - O 
(a) At entry, 

. a . „ _ . sin48.6' 

asm#, =n,sm#, or #, =sm - 

1 1 2 2 2 L 1.50 
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P35.29 


Thus, 0 3 =60.0°-30.0° =30.0° 

At exit, 

1.50 sin 30.0° =l.OOsin0 4 
or 0 4 =sin“ 1 [l.50sin(30.0°)] =48.6° 

so the path through the prism is symmetric when 6 1 =48.6°. 

(b) ,5 =48.6°+48.6°-60.0° = [37.2° | 

(c) At entry. 


sin 0 7 = 


sin 45.6° 


. 0, =28.4° 


1.50 

0 3 =60.0°-28.4° =31.6° 

At exit, 

sin0 4 =1.50sin(31.6°) => 0 4 =51.7° 


8 =45.6° +51.7°- 60.0° = | 37.3° 
(d) At entry. 


sin d 7 ='- 


sin51.6° 


>0 7 =31.5° 


1.50 

e 3 =60.0°-31.5° =28.5° 

At exit, 

sin0 4 =1.50 sin (28.5°) => 0 4 =45.7° 


8 =51.6° +45.7°- 60.0° = 37.3° 


The index of refraction at 700 nm is n(700 nm) = 1.458. 

(a) (l.00)sin75.0° =1.458sin0 2 ; d 2 = | 41.5° | 

(b) Refer to ANS. FIG. P35.29. Let 


d 3 +/3 =90.0° and 0 2 +a =90.0° 


then. 


a +(3 +60.0° =180° 
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P35.30 


So 

a +fi +60.0° =180° 

(90.0°- d 2 ) +(9O.O°-0 3 ) +60.0° =180° 
6O.O°-0 2 -0 3 =O=>6O.O o -41.5°=0 3 = | 18.5° | 

(c) 1.458sinl8.5° =l.OOsin0 4 -> 0 4 = | 27.6° | 

(d) r=(e,-e 2 )+(e 4 -e 3 ) 

7 =(75.0°-41.5°) +(27.6°-18.5°) = | 42.6° | 



ANS. FIG. P35.29 


The index of refraction of the atmosphere decreases with increasing 
altitude because of the decrease in density of the atmosphere with 
increasing altitude. As indicated in the ray diagram, the sun located 
at S below the horizon appears to be located at S'. 



ANS. FIG. P35.30 

P35.31 For sheets 1 and 2 as described, 
w 3 sin26.5° =w 2 sin31.7° 
0.849ft! =w 2 
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P35.32 


For the trial with sheets 3 and 2, 
n 3 sin26.5° =n 2 sin36.7° 

0.747n 3 =n 2 

Equate the two expressions for n 2 : 

0.747h 3 =0.849n x 
n 3 =1.147?, 

For the third trial, 

n 1 sin26.5° =n 3 sin 0 3 =1.14ft, sin0 3 
d 3 = |23.1°| 


(a) Before the container is filled, the 
ray's path is as shown in ANS. 
FIG. P35.32(a). From this figure, 
observe that 


. Q d d 

sin 0, =— = 


Si V/z 2 +d 2 





ANS. FIG. P35.32(a) 


After the container is filled, the 
ray's path is shown in ANS. FIG. 
P35.32(b). From this figure, we find 
that 


sin 0 2 


d 2 = _ di 2_ 

A ~^+(d/2f 

1 

s[i(h/d? +1 


Y*! • 



d/2 

ANS. FIG. P35.32(b) 


From Snell's law, we have 


1.00 sin Q x =ft sin d 2 


1.00 _ n 

Jlh/df+1 J4h/d? +i 

4 [h/df +1 =n 2 [h/df +n 2 


[h/df [4-n 2 ] =n 2 -l -> 
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(b) For water, n = 1.333. 


h 

d 



8.00 cm 


h 



(c) | For n = 1, h = 0. For n = 2, h = For n > 2, h has no real solution. | 


P35.33 Since the light ray strikes the first surface at normal incidence, it passes 


into the prism without deviation. Thus, the angle of incidence at the 
second surface (hypotenuse of the triangular prism) is 0 1 =45.0° as 
shown in the sketch at the right. The angle of refraction is 
d 2 =45.0° +15.0° =60.0° 

and Snell's law gives the index of refraction of the prism material as 


n 2 sin 0 2 _ (l.00)sin(60.0°) 
sin^ sin(45.0°) 



ANS. FIG. P35.33 

P35.34 (a) A sketch illustrating the situation and the two triangles needed in 

the solution is given in ANS. FIG. P35.34. 





ANS. FIG. P35.34 
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(b) From the triangle under water, the angle of incidence 6 1 at the 
water surface is 


(c) 


tan 0, = 


90.0 m 


■ e\ = |42.0°| 


100 m 

Snell's law gives the angle of refraction as 


, r sin 6 1 


(1.333 )sin 42.0° 


=IM3 


(d) The refracted beam makes angle (p =90.0° - d 2 = |26.9°| with the 
horizontal. 

(e) In the triangle above the water, 

h =(210 m)tan0 =(210 m)tan26.9° = |1Q7 m| 

P35.35 The reflected ray and refracted ray are perpendicular to each other, 

and the angle of reflection 0 1 and the angle of refraction 0 2 are related 
by 

6 \ +90.0° +d 2 =180.0° -> d 2 =90.0°-d 1 


Then, from Snell's law, 

n„ sin 0 2 


=n g sin (90° - 6\) =n g cos 0 X 

, sin 6, „ I T 7 1 

Thus, - =tan0, —n ir or 6, =tan (n„ 

mcfl * 1 ' 


Section 35.6 Huygens's Principle 


Section 35.7 Dispersion 

P35.36 Using Snell's law gives 


(a) 


(b) 


f n m sin 6, \ . , 

f" (1.000) sin 83.0 °^j 

=|48.2°| 

l J-™ 

l 1.331 J 

J n air sin 0,^1 . i 

ir sm 

Y (1.000) sin 83.0°' 
l 1.340 

) =147.81 
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P35.37 Using Snell's law gives 

. . , f n air sin6A . (l.OOO)si 

0 rpH =sin —- L =sin --— 

l "red J l 1.4! 


sin 50.00 c 
A55 


and 


. . J n aiI smd: 1 . (1.000) sii 

0 vinlpt =sm —- - =sin --— 

l "violet J V 1.4< 


1.000 ) sin 50.00 c 
1.468 


Thus, the dispersion is 0 red - 0 violet =|0.314°| 

P35.38 Recall that if a wave slows down as it passes from one medium into 
another, its rays tend to bend toward the normal, unless it has normal 
incidence. Example: the case when light passes from air into water. 

(a) For the diagrams of contour lines and wave fronts and rays, see 
ANS. FIG. P35.38(a) below. 

(b) As the waves move to shallower water, the wave fronts slow 
down, and those closer to shore slow down more. The rays tend 
to bend toward the normal of the contour lines; or equivalently, 
the wave fronts bend to become more nearly parallel to the 
contour lines. See ANS. FIG. P35.38(b) below. 

(c) For the diagrams of contour lines and wave fronts and rays, see 
ANS. FIG. P35.38(c) below. 

(d) We suppose that the headlands are steep underwater, as they are 
above water. The rays are everywhere perpendicular to the wave 
fronts of the incoming refracting waves. As shown, because the 
rays tend to bend toward the normal of the contour lines, the rays 
bend toward the headlands and deliver more energy per length at 
the headlands. See ANS. FIG. P35.38(d) below. 



ANS. FIG. P35.38 
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P35.39 


P35.40 


For the incoming ray, sin 0 2 
Using ANS. FIG. P35.39, 


l-\ . sin50.0°^\ __ . 00 

(0,) ,. =sin | —— I =27.48 



For the outgoing ray, 

(90.0°- 0 2 ) +(90.0° - 0 3 ) +60.0° =180.0° 

0 3 =60.0°-0 2 

and 

sin 0 4 =nsin0 3 : (0 4 ) vio]et =sin _1 [l.66sin32.52°] =63.17° 

(0 4 ) red =sin _1 [l.62 sin 31.78°] =58.56° 



ANS. FIG. P35.39 


The angular dispersion is the difference 

A «. =(«. L. - (». L =63.17°- 58.56° =E6H] 

For the incoming ray, sin 0., = 5 ' n . Using ANS. FIG. P35.40, 

n 



feL =sin“ 1 


sin0^| 

n R ) 


For the outgoing ray, 

(90.0°-0 2 )+(90.0°-0 3 )+O =180.0° 
0 3 =O-0 2 

and 

sin 0 4 =n sin d 3 : (0 4 ) violet =sin _1 j n v sin <J> 



feL =sin“ 1 n K sin O-sin 
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The angular dispersion is the difference 



Section 35.8 Total Internal Reflection 

P35.41 From Equation 35.10, 


sin 6 =— -> 6 r =\ 

C TL 1.50 


P35.42 


P35.43 


From Equation 35.10, sin 6. =—, where n 2 = 1.000 293. Values for n 1 
come from Table 35.1, 

. . J 1.000 293 ^ 

(a) 6 r =sm - 

c l 2.20 

_ . .J 1.000 293 

(b) 6 C =sm - 

c l 1.66 

1.000 293 


(c) 6 C =sin 1 


=| 27.0° | 
=g7T3 
= | 49.8° | 


The prism is in air, so at the first refraction, 

1.00 sin 0 1 =nsm0 2 

The angle of incidence 0 3 must be less than the 
critical angle at the second surface to emerge 
from the other side. 


e 3 <e c 



e 3 < 4i.8° 



ANS. FIG. P35.43 
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The angles 0 2 and 0 3 are related by 

(90.0°-e 2 ) +(90.0° - 0 3 ) +60.0° =180.0° 

0 2 =60.0° -0 3 

Thus, to avoid total internal reflection at the second surface (i.e., have 
0 3 < 41.8°), it is necessary that 0 2 > 18.2°. 

Since sin 0 1 =nsin0 2 , this becomes 

sin0 1 > 1.50 sin 18.2° = 0.468 


P35.44 


or Q x > | 27.9° | . 


The prism is in air, so at the first refraction, 
1.00 sin 0 X =nsin0 2 

The angle of incidence 0 3 must be less than 
the critical angle at the second surface to 
emerge from the other side. 

0 3 < 0 , 



ANS. FIG. P35.44 


0 3 <sin 1 0 c =sin 



=sin 


1 . 00 ^ 
n J 


The angles 0 2 and 0 3 are related: 

(90.0°- 0 2 ) +(90.0° - 0 3 ) +0 =180° 
which gives 0 2 =<J> - 0 3 . 


Thus, to have 0 3 <sin 1 


and avoid total internal reflection at the 


second surface, it is necessary that 0 2 ><J> - sin -1 j. 

Since sin0 1 =nsin0 2 , this requirement becomes 

1.00 V 


sin0 1 >n sin 


r, . j 1 . 0 c 


0 , > 


sm nsin 


. .Jl.00' 
sm (— 


Through the application of trigonometric identities. 


0j > sin ' - 1 sinO-cosoj 
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P35.45 At the upper surface, 

sin0 r =-^ =— =0.735 -> 0 r =47.3° 
n pipe 1-36 

Geometry shows that the angle of refraction at the end is 
0= 90.0°-0 C =90.0°- 47.3° =42.7° 

Then, by Snell's law at the end, 

1.00 sin0 =1.36 sin 42.7° 


P35.46 


gives | 9 =67.2°] . 

The 2-jJm diameter is unnecessary information. 



ANS. FIG. P35.45 


(a) 


Using the index of refraction values listed in Table 35.1, we find 


sin 0 C 


n 2 _ 1.000 
\ ~ 2.419 


-> 6 C = |24.42°| 


(b) 


Because the angle of incidence (35.0°) is greater than the critical 
angle, the light is totally reflected at P. 


(c) sin6 =^ =1^1 0 =[33A4°] 

c n, 2.419 c 1 - 1 

(d) The angle of incidence is 35.0°. [Yes. In this case, the angle of| 
incidence is just larger than the critical angle, so the light ray| 

again undergoes total internal reflection at P] 

(e) The angle of incidence must be reduced below the critical angle 
for light to exit the diamond, so the diamond should be rotated 
|clockwise| . 

(f) Rotating the diamond by angle 9 clockwise changes the angle of 
incidence 9 1 at point A from 0.00° to 9, causing the angle of 
refraction 9 2 inside the diamond to change from 0.00°: 


ft, sin 0, =ft 2 sin 9 2 
1.3338^10, =2.419 sin 9 2 
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Refer to ANS. FIG. P35.46. What is the angle of incidence at P ? 
Extending a line from points A and P parallel to the surfaces of 
the diamond until they meet at point B, we form a triangle A BP. 



The angle at vertex B is 35.0° because the extended line AB is 
parallel to the line EF extended from the base of the diamond. 
From the sum of the interior angles of A BP, we find the incident 
angle 0 3 at point P: 

(90.0° - 0 2 ) +(90.0°-0 3 ) +35.0° =180 

0 3 =35.0°- 0 2 

At P, we require that the angle of incidence 0 3 results in an angle 
of refraction of 90.0°: 


2.419 sin 0 3 =1.333 sin 90.0° 
2.419sin(35.O°-0 2 ) =1.333 
1 333 

35.0°-0 2 =sin _1 ——— 

2 2.419 

solving gives 0 2 =1.561°. Then, from above, 
1.333sin0 3 =2.419sin0 2 0 = |2.83°| 


P35.47 


The line of sight is 1.20° below the horizontal, so the 
angle of reflection of the light reaching the truck 
driver's eyes is 90.0° - 1.20° = 88.8°. 



ANS. FIG. P35.47 


n 2 =n l sin88.8° =(l.000 293)sin88.8° |g|.000 07 | 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly: 







Chapter 35 645 


P35.48 


P35.49 


Note: Mirages are caused by a continuous variation in index of refraction 
of the air rather than by total internal reflection. In this problem, the 
intent is to recognize that the result of the variation in index of refraction 
is equivalent to the result of a total internal reflection occurring at a 
single layer of hot air just above the surface of the roadway. This 
problem MODELS the phenomenon as a total internal reflection. 

(a) =— and d 7 =90.0° at the critical angle. 

sm 6 1 v 1 


sin90.0° _1 850 m/s 
sin 6/ 343 m/s 


so 6 C =sin 1 (0.185) = | 10.7° | . 


(b) Sound can be totally reflected if it is traveling in the medium 
where it travels slower: | air | . 


(c) 

(a) 


Sound in air falling on the wall from most directions 
is 100% reflected, 
so the wall is a good mirror. 

If any ray escapes it will be a ray along the inner edge, because it 
has the smallest angle of incidence. Its angle of incidence is 

described by sind and by nsmO >1 sin 90°. Then 


(b) 

(c) 

(d) 


n(R-d) ^ 

R 


nR - nd >R 


—> nR-R >nd 


R > 


nd 
n -1 



♦ 

ANS. FIG. P35.49 


As d^> 0, [.R^ -> 0| . [Yes: for very small d, the light strikes the] 
[interface at very large angles of incidence.) 

As n increases, | R min decreases. Yes: as n increases, the critical] 

[angle becomes smaller.) 

As n decreases toward 1, R min increases. [i^ —> qq. Yes: as n—>l,\ 
the critical angle becomes close to 90° and any bend will allow the) 

light to escape.) 
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P35.50 


(e) R* 


_1.40(l00xl0 -6 m) 


=350 x 10 -6 m =1 350 pm I 


(a) In the gasoline gauge, skylight from above travels down the 
plastic. The rays close to the vertical are totally reflected from the 
sides of the slab and from both facets at the lower end of the 
plastic, where it is not immersed in gasoline. This light returns up 
inside the plastic and makes it look bright. Where the plastic is 
immersed in gasoline, with index of refraction of about 1.50, total 
internal reflection should not happen. The light passes out of the 
lower end of the plastic with little reflected, making this part of 
the gauge look dark. 

(b) To ensure total internal reflection at the plastic-air interface, the 
critical angle must be less than the angle of incidence, about 45.0°. 
This places a lower limit on the index of refraction of the plastic: 

6 C < 45.0° 
sin 6 C < sin 45.0° 

— < sin45.0° —> |n > 1.4l| 
n ' 


To prevent total internal reflection at the plastic-gasoline interface, 
the critical angle must be greater than the angle of incidence. This 
places an upper limit on the index of refraction of the plastic: 

0 C > 45.0° 
sin#,. > sin45.0° 

— > sin45.0° -» |n < 2.12| 
n 


Additional Problems 

*P35.51 Using Snell's law, the index of refraction of the liquid is found to be 
_n air sin # ( 


Thus, the critical angle for light going from this liquid into air is 
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P35.52 


(a) 


(b) 


G[ =(9, = | 30.0° | 
ft, sin (9, =ft 2 sin 0 2 
1.00 sin 30.0° =1.55sin0 2 
6 2 = |18.8°| 



ANS. FIG. P35.52 


Q[ =6, = | 30.0° | 

@ 2 =sin -> = sin - 1 [ 1 - 55s " 30 0 ° ] = [ 50^1 


(c), (d) The other entries are computed similarly, and are shown in 
Table P35.52 below. 


(c) air into glass, angles in degrees 

(d) glass into air, angles in degrees 

incidence 

reflection 

refraction 

incidence 

reflection 

refraction 

0 

0 

0 

0 

0 

0 

10.0 

10.0 

6.43 

10.0 

10.0 

15.6 

20.0 

20.0 

12.7 

20.0 

20.0 

32.0 

30.0 

30.0 

18.8 

30.0 

30.0 

50.8 

40.0 

40.0 

24.5 

40.0 

40.0 

85.1 

50.0 

50.0 

29.6 

50.0 

50.0 

none* 

60.0 

60.0 

34.0 

60.0 

60.0 

none* 

70.0 

70.0 

37.3 

70.0 

70.0 

none* 

80.0 

80.0 

39.4 

80.0 

80.0 

none* 

90.0 

90.0 

40.2 

90.0 

90.0 

none* 


*10131 internal reflection 

TABLE P35.52 
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P35.53 


P35.54 


P35.55 


P35.56 


The critical angle is found by imagining the 
refracted ray just grazing the surface ( 0 2 = 
90°). The index of refraction of water is n t = 
1.333, and n 2 = 1.00 for air, so n 1 sinO c = 
n 2 sin 90° gives G c = sin” 1 (1/1.333) = 
sin“ 1 (0.750) = 48.6°. 

The radius then satisfies 



ANS. FIG. P35.53 


tan 6/ 


r 

1.00 m 


So the diameter is 

d =2[(1.00 m)tan0 c ] 


d =(2.00 m)tan48.6° = | 2.27 m | 


If the light ray to the eyes of the scuba diver makes an angle of 
38.0° with the horizontal, it makes an angle of 52.0° with the 
normal to the water surface. This is larger than the critical angle 
of 48.8° found in Example 35.6, however. Therefore, no light 
from above the water will approach the scuba diver's eyes from 
this direction. The light approaching from this direction will be 
that originating underwater and reflected downward from the 
surface. The Sun will be seen somewhere within a circle whose 
edge is 90.0°- 48.8° =41.2° above the horizontal. 


From the textbook Figure P35.55, we have w = 2b + a, so 


b = 


w-a _ 700 ^m-l pm 


= 349.5 /im 


tanfl 2 = -= 349-5 /Jm = 0.291 0 2 = 16.2° 

2 f 1200/im 2 


T^sint^ = n 2 sin 0 2 

For refraction at entry, 

. n 2 sin Q 2 . _ 
0, =sin —- £ =sin 


The incident light reaches the left-hand mirror at distance 
(1.00 m)tan5.00° =0.087 5 m 
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*P35.57 


*P35.58 


above its bottom edge. The reflected light first reaches the right-hand 
mirror at height 

2(0.087 5 m) =0.175 m 


It bounces between the mirrors with this 
distance between points of contact with 
either. Since 


1.00 m 


=5.72 



0.175 m 
the light reflects 

| five times from the right-hand mirror and six times from the left | 

(a) The fraction reflected is 

n. 5 2-i.oo f ^ 

Si L«2 +«iJ L 1.52 +1.00 J 1 - 1 

(b) If medium 1 is glass and medium 2 is air. 



(a) With n 1 = 1 and n 2 = n, the reflected fractional intensity is 

aJtif 

Sj \n+ll 

The remaining intensity must be transmitted: 

S, / w-1 \ 2 _ (w +l) 2 -(n-l) 2 _ n 2 +2 n +l-n 2 +2n-l 
Sj \n+l/ (n+l) 2 (n+l) 2 


4 n 


(n+l ) 2 


(b) At entry. 
At exit. 
Overall, 


S 2 _ 4w 4(2.419) 
S 1 ~[n +l) 2 “(2.419+1) 2 


^ =0.828. 
S 7 


HUM- 

1 68.5% | 


=(0-828 f =0.685 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly i 


sible website, in whole or in part. 






















650 The Nature of Light and the Principles of Ray Optics 


P35.59 


P35.60 


Let n(x ) be the index of refraction at distance x below the top of the 
atmosphere and n(x = h) = 1.00 293 be its value at Earth's surface. Then, 

f 1.002 93-1.000 00^1 


n[x)= 1.000 00 + 
= 1.000 00 + 


h 


- * 


_ ^ 0.002 93 ^ 

(a) The total time interval required to traverse the atmosphere is 

At= ]^ = ]nM dx .. Af =tj[l.OOOOO + (^),]^ 

_h , 0.002 93 f 


c ch 




_hf 2.002 93^ 

|_ 100xl0 : 

5 m ( 

2.002 93 ^ 

"d 2 J 

1 3.00 x10 s 

m/sl 

c 2 J 

=3.33 x 10" 4 s 

=| 334 jus | 




(b) The travel time in the absence of an atmosphere would be - 
Thus, the time in the presence of an atmosphere is 


h/c 


2.002 93 

. 2 , 


-h/c 


h/c 


=^ 0.002 93 j x 100% = | Q 147 o /o | 


Let n(x) be the index of refraction at distance x below the top of the 
atmosphere and n(x = h) = n be its value at the planet surface. 

n- 1 . 00^1 


Then, n(x) =1.00 + 


(n- l.C 

l h 


-* 


(a) The total time interval required to traverse the atmosphere is 

Af if At = 3 i - oo+ (^H‘ ,j: 

At=-+h 


if h 2 ) 

hfn+1.00) 

\2 J 

c { 2 J 


(b) The travel time in the absence of an atmosphere would be - 
Thus, the time in the presence of an atmosphere is 


n +1.00 
2 


times larger 
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P35.61 Let the air and glass be medium 1 and 2, respectively. By Snell's law, 
n 2 sin 0 2 =n 1 smd 1 
or 1.56 sin 0 2 =sin 6, 

But the conditions of the problem are such that d 2 =2 6 2 , so 1.56 sin 0 2 = 
sin 2 d 2 We now use the double-angle trig identity suggested: 

1.56 sin 0 2 =2 sin 0 2 cos 0 2 
1 56 

or cos0 2 = — =0.780 

2 2 

Thus, 0 2 =38.7° and 6 1 =2 d 2 = | 77.5° | . 

P35.62 In ANS. FIG. P35.62, observe on the left side of the prism that 

ft =90 °-6 1 and a =90 °-0 v Thus, ft =a. Similarly, on the right side 
of the prism, 5 =90°- d 2 and e =90°- d 2 , giving 5 =£. The incident 
rays are initially parallel, so observe that the angle between the 
reflected rays is y =(a +/?) +(e +d), so y =2 (a +e). Finally, observe 
that the left side of the prism is sloped at angle a from the vertical, and 
the right side is sloped at angle e. The angle p is related to the other 
angles by 

(j> +[90°-a) +(90°-e) =180° -» (f> =a+£ 

Thus, we obtain the result 


y =2{a +e) =20 -> </> =^y 
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Light from the diamond reflects totally 
at the water's surface at incident angles 
greater than the critical angle 0 C . The 
circular raft must cover the area of the 
surface through which light from the 
diamond could emerge. Thus, it must 
form the base of an inverted cone (with 

apex at the diamond) whose half angle is at least the critical angle. 

e>e c 

tan 0 > tan 0 r 


ANS. FIG. P35.63 


d/2 


> tan 6 r 


h<- 


h c 2 tan 6 C 

The critical angle at the water-air boundary is 

0 C =sin _1 f-^-1 =sin- 1 f^^l =48.61° 
l "water J U-333 ) 

Thus, the maximum depth of the water is 


= |2.00m| 


d _ 4.54 m 
2tan0 2 tan 48.61' 


!f 'P35.64 


P35.65 


Consider an insulated box with the imagined one-way mirror forming 
one face, installed so that 90% of the electromagnetic radiation incident 
from the outside is transmitted to the inside and only a lower 
percentage of the electromagnetic waves from the inside make it 
through to the outside. Suppose the interior and exterior of the box are 
originally at the same temperature. Objects within and without are 
radiating and absorbing electromagnetic waves. They would all 
maintain constant temperature if the box had an open window. With 
the glass letting more energy in than out, the interior of the box will 
rise in temperature. But this is impossible, according to Clausius's 
statement of the second law. This reduction to a contradiction proves 
that it is impossible for the one-way mirror to exist. 

Define n x to be the index of refraction of the 
surrounding medium and n 2 to be that for the 
prism material. We can use the critical angle of 

42.0° to find the ratio —: 

n i 

n 2 sin 42.0° =n 1 sin 90.0° 



ANS. FIG. P35.65 
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So, 


n i 


1 

sin 42.0° 


=1.49 


Call the angle of refraction d 2 at the surface 1. The ray inside the prism 
forms a triangle with surfaces 1 and 2, so the sum of the interior angles 
of this triangle must be 180°. 

Thus, (90.0°-0 2 )+60.0°+(90.0°-42.0°) =180° 

Therefore, d 2 =18.0°. 

Applying Snell's law at surface 1, n x sin #, =n 2 sin 18.0°: 

sin0 1 =^—jsin# 2 =1.49sinl8.0° 
gives | 6 1 =27.5°~| 

P35.66 The number N of reflections the beam makes before exiting at the other 
end is equal to the length of the slab divided by the component of the 
displacement of the beam for each reflection: 

L _Ltan# 2 
N ~(t/ tan# 2 ) T~ 


where d 2 is the refracted angle as the beam enters the material. 
Substitute for this refracted angle in terms of the incident angle by 
using Snell's law: 


N =—tan sin 1 
t 


n , sin 6 1 | 
U 2 )_ 


Substitute numerical values: 


_ x f (l)sin50.0 c 


0.003 10 m 
= 81.96 -» 81 reflections 


l 1.48 


Therefore, the beam will exit after making 81 reflections, so it does not 
make 85 reflections. 

P35.67 A light beam passing the top of the pole makes an angle 0 of 40.0° with 
the horizontal, so its angle of incidence at the water is <j) x =90.0° - 6. It 
enters the water's surface at distance from the pole 
_ L-d 
1 tan# 

and has an angle of refraction (f) 2 from 1.00 sin 0, =nsin0 2 . 
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P35.68 



ANS. FIG. P35.67 


The beam reaches the bottom after traveling the horizontal distance 
s 2 =dtan(j) 2 

The whole shadow length is 
L-d , 

s. + s, —-b d tan 

1 2 tan# 

Because sin^ =sin(90.0°-#) =cosO, we find that 
, L-d , r . J cos#^l 

s, +s, =-Hatan sm - 

1 2 tan# |_ \ n )\ 

2.00 m , N [ . ,fcos40.0°Y| | - „ - 1 

=-M2.00 mjtan sm - = 3.79 m 

tan 40.0° LI 1-33 )\ 1 - 1 

From Table 35.1, the index of refraction of polystyrene is 1.49. 

(a) For polystyrene surrounded by air, total internal reflection requires 

# 3 ># c =sin~ 1 f—1 =42.2° 

3 c 1.49 J 

Then from geometry, # 2 =90.0°- # 3 < 47.8°. 

From Snell's law, 

sin0 1 =1.49sin# 2 < 1.49sin47.8° 

sin#j < 1.10 

Any angle 0 1 satisfies this equation. 

Total internal reflection occurs for all values of #, 
or the maximum angle is 90°. 

f 1.33^\ 

(b) For polystyrene surrounded by water, # 3 =sin _1 1 I =63.2° 



ANS. FIG. P35.68 
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P35.69 


and d 2 =26.8°. 


From Snell's law, 6, = | 30.3°] , 


(c) From Table 35.1, the index of carbon disulfide is 1.628 > 1.49. 
Total internal reflection never occurs as the light moves from| 
lower-index polystyrene into higher-index carbon disulfide.) 
From ANS. FIG. P35.69, observe that the angle of incidence at A is the 
same as the prism angle at point O. Given that 6 = 60.0°, application of 
By Snell's law at point A: 

1.50sin/l =(l.00)sin60.0° 


sin/1 = 


sin 60.0° 
1.50 



From triangle A OB, we calculate the angle of incidence and reflection, 
y, at point B: 

0+(9O.O°-/3)+(9O.O°-y)=18O° or y=d-/5 
Now, we find the angle of incidence at point C using triangle BCQ : 

(90.0°- y) +(90.0°- <5) +(90.0°- d) =180° 
or 

<5 =90.0°-(e +y) =90.0°- (d +d-p) =90.0°- 2 6 +/3 
Finally, application of Snell's law at point C gives 

(l.00)sin</> =(l.50)sin(5 
or 


</> =sin“ 1 [ 1.50 sin (90.0°-26 +/?)] 
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P35.70 (a) The optical day is longer. Incoming 

sunlight is refracted downward at 
the top of the atmosphere, so an 
observer can see the rising Sun 
when it is still geometrically below 
the horizon. Light from the setting Sun 
reaches her after the Sun is below the ANS. FIG. P35.70 
horizon geometrically. 

(b) ANS. FIG. P35.70 illustrates optical sunrise. At the center of the 
Earth, 

, 6.37 x 10 6 m 

COS© =-7- 

6.37 x 10 6 m +8 614 
0 =2.98° 

0 2 =90-2.98° =87.0° 

At the top of the atmosphere 
n 1 sin 6 , =n 2 sin(9 2 
lsin0 x =1.000 293 sin 87.0° 
e i =87.4° 



Deviation upon entry is 

<5=|0i-0 2 | 

8 =87.364°-87.022° =0.342° 

Sunrise of the optical day is before geometric sunrise by 

=82.2 s. Optical sunset occurs later too, so the 

optical day is longer by | 164 s | . 



P35.71 


Observe in ANS. FIG. P35.71 that the angle of 
incidence at point P is y, and using triangle 
OPQ : 



Also, 


' =yl- sin y =--- 


Apply Snell's law at point P: 

1.00 sin 7 =nsinp 



Q O 

ANS. FIG. P35.71 
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P35.72 


Thus, 

and 


siruf) = 


cos 0 =y]l- sin 2 0 


yln 2 R 2 -L 2 


From triangle OPS, 0 +[a +90.0°) +(90.0°- y) =180°, or the angle of 
incidence at point S is a =7 - 0. Then, applying Snell's law at point S 

gives 1.00 sin 0 =nsina =nsin(y - (j)) 
or sin# =nsin (7 - p) 

=n [sin 7 cos 0 - cos 7 sin 0 ] 

fLV w 2 R 2 -I? JR 2 -L 2 ( L 
nR R 


=^n 2 R 2 -L 2 -yjR 2 -L 2 ) 



" L 1 

sin 1 

-R 2 ' 




thus. 


or, using from above sin 7 =— —» 7 =sin 1 — and 0 =sin 1 —, 
6 R R nR 

sin# =nsin( 7 -</>) =nsin| sin 1 — -sin -1 — 
iv R nR 


. f . _i L ,,L\ 

l R nR J 


5 =#, - # 2 =10.0° and n 1 sin # 1 =n 2 sin # 2 with n, = 1 , n 2 ——. 

Thus, #j =sin -1 (n 2 sin# 2 ) =sin -1 [n 2 sin^ -10.0°)]. 

(You can use a calculator to home in on an approximate solution to this 
equation, testing different values of 0 1 until you find that #, =| 36.5° |. 
Alternatively, you can solve for 6 1 exactly, as shown below.) 

4 


We are given that 


sin#. =—sinf#. - 10 . 0 °). 
1 3 v 1 / 


This is the sine of a difference, so 
3 


-sin # 1 = sin#, cos 10 . 0 °- cos#, sin 10 . 0 ° 
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P35.73 


P35.74 


Rearranging, sinlO.O°cos0 1 =^cos 10.0° - sin0,, 

sinlO.O 0 . 

-=tan0, 

cos 10.0°-0.750 1 

and 0 X =tan _1 (0.740) = | 36.5° | . 

(a) From the geometry shown in ANS. FIG. P35.73, observe that 
0 1 =60.0°. Also, from the law of reflection, 0 2 =0 ] =60.0°. 

Therefore, a =90.0°-0 2 =30.0°,and 0 3 +90.0° =180- a- 30.0° 
or 0 3 =30.0°. 



ANS. FIG. P35.73 


Then, since the prism is immersed in water (n 2 = 1.333), Snell's 
law gives 

e, =sm- 1 p' 66 i )s ” 3 3a °° j = [3&5°] 

(b) For refraction to occur at point P, it is necessary that G c >0,. Thus, 
0 =sin _1 )?2 >0 1 , which gives 

l Vss J 

n 2 > ^glass sin0 1 = (1-66) sin 60.0° = 11,44 | 

As shown in ANS. FIG. P35.74, the angle of incidence at point A is: 

e=sta -.rfwi^w 

\ R J v 2.00 m J 
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If the emerging ray is to be parallel to the incident ray, the path must 
be symmetric about the centerline CB of the cylinder. In the isosceles 
triangle ABC , 

y =a and (5=180°-6 
Therefore, a + (5 +y = 180° 
becomes 2 a +180°- 0 =180° 

or a =- =15.0°. 

2 

Then, applying Snell's law at point A, 

nsina = 1.00 sin 0 

sin# sin 30.0° r-r—~ i 

n =-=-= 1.93 

sin a sin 15.0° 1 - 1 

P35.75 Applying Snell's law at points A, B, and C gives 



1.40 sina = 1.60 sin 

[1] 


1.20 sin P =1.40 sin a 

[2] 

and 

1.00sin # 2 =1.20 sin [5 

[3] 

Combining equations [1], [2], and [3] yields 



sin # 2 =1.60 sin 0 X 

[4] 


\ 


n= 1.60 

«= 1.40 
n= 1.20 



ANS. FIG. P35.75 

Note that equation [4] is exactly what Snell's law would yield if the 
second and third layers of this "sandwich" were ignored. This will 
always be true if the surfaces of all the layers are parallel to each other. 

(a) If #, =30.0°, then equation [4] gives 

# 2 =sin ~ 1 (l.60sin30.0°) = | 53.1° | 
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P35.76 


(b) 


At the critical angle of incidence on the lowest surface, 0 2 =90.0°. 
Then, equation [4] gives 


rsine,! , 

r sin 90.0 °^j 

l 1.60 J 

l 1.60 J 


Total internal reflection will occur for If^ > 38.7°| 


(a) At the boundary of the air and glass, the critical angle is given by 
sin 6 r =— 


n/KA/ 




ANS. FIG. P35.76 

Consider the critical ray PBB 

d /4 sin 6 C d 

tan 6 =- ! — or --—— 

t cos6 c 4 1 

Squaring the last equation gives: 

sin 2 6 r sin 2 (9 


cos d r 1 - sin Q r 


Since sin 0 =— this becomes } 

n n -1 ^4f. 


n = J 

at 

y 

uj 


(b) Solving for d, 
4f 


Thus, if n = 1.52 and t = 0.600 cm, d =| 2.10 cm | 


V(l.52) 2 -1 


(c) Since violet light has a larger index of refraction, it will lead to a 
smaller critical angle and the inner edge of the white halo will be 
tinged with | violet | light. 
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P35.77 


© 2014 Cengage Learning. 


(a) Given that d 1 =45.0° and 0 2 =76.0°, 

Snell's law at the first surface gives 

nsina =1.00sin45.0° [1] 



ANS. FIG. P35.77 


Observe that the angle of incidence at the second surface is 
(3 =90.0 °-a 

Thus, Snell's law at the second surface yields 
nsin/1 =nsin(90.0°- a) =1.00sin76.0° 


or ncosa =sin76.0°. 


Dividing equation [1] by equation [2], we obtain 


tana = 


sin 45.0° 
sin 76.0° 


=0.729 


[ 2 ] 


or a =36.1°. 

Then, from equation [1], 

sin 45.0° sin 45.0° nriSiri 

n ■-;- =-r--X = 1.20 

sina sin36.1 1 - 1 

(b) From the sketch, observe that the distance the light travels in the 

L c 

plastic is d =-. Also, the speed of light in the plastic is v =—, 

sina n 

so the time required to travel through the plastic is 

At nL = 1-20(0.500 m) 

v csina (3.00xlO 8 m/s)sin36.1° 

=3.40 x 10~ 9 s = | 3.40 ns | 


. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 









662 The Nature of Light and the Principles of Ray Optics 


P35.78 (a) See graph in ANS. FIG. P35.78. 


sin 6/ 

sin 0 2 

sin 6, 
sin 0 2 

0.174 

0.131 

1.330 4 

0.342 

0.261 

1.312 9 

0.500 

0.379 

1.317 7 

0.643 

0.480 

1.338 5 

0.766 

0.576 

1.328 9 

0.866 

0.647 

1.339 0 

0.940 

0.711 

1.322 0 

0.985 

0.740 

1.3315 



TIT" 

i-rrrr 

Hh-i-h-i- 

—i —i—i— i—i—i— 

i i i i i j i i 

_! l I I J ! ! 


ANS. FIG. P35.78 


(b) The straightness of the graph line demonstrates Snell's 
proportionality of the sine of the angle of refraction to the sine of 
the angle of incidence. 

(c) The slope of the line is n =1.327 6 ±0.01 

The equation smd 1 =nsin 0 2 shows that this slope is the index of 
refraction, n =| 1.328 ±0.8% | 


P35.79 


(a) 


We see the Sun moving from east to west across the sky. Its 
angular speed is 


0) 


A6 _2n rad 
At ~ 86 400 s 


=7.27 x 10 -5 rad/s 


The direction of sunlight crossing the cell from the window 
changes at this rate, moving on the opposite wall at speed 

v =ro) =(2.37 m)(7.27xl0~ 5 rad/s) 

=1.72x10“* m/s = |0.172 mm/s] 

(b) The mirror folds into the cell the motion that would occur in a 
room twice as wide: 

v =rco =2(0.174 mm/s) = | 0.345 mm/s | 

(c) , (d) As the Sun moves southward and upward at 50.0°, we may 

regard the comer of the window as fixed, and both patches of 
light move | northward and downward at 50.0° | . 
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P35.80 Because the enclosure is square and the beam enters at bottom center, 
and because a light beam travels the same path regardless of its 
direction on the path, we expect the beam pattern to be symmetric 
about a vertical line passing through the opening. Therefore, the beam 
enters the opening at the same angle it exits, the beam strikes each side 
mirror at the same height, and the beam forms a zigzag pattern that 
intersects itself at a point (or points) above the center opening; thus, 
the beam must reflect off the top mirror at its center. Also, because of 
the law of reflection, the path of the beam is symmetric about a 
horizontal line passing through the points where the beam reflects off 
a side mirror. 


(a) Call the length of each side of the square L. If the beam is to strike 
each mirror once, the beam must strike each side mirror at its 
center, at height L/2 after traveling a horizontal distance L/2. 
Therefore, 

tan0=^=l -> 0=45.0° 


The beam will exit the enclosure if it enters at angle | 45.0° | , as 
shown in ANS. FIG. P35.80(a). 




LI4 

m 

L/4 

L/4 


ANS. FIG. P35.80(a) ANS. FIG. P35.80(b) 



LI 6 
Lie 
Lie 
Lie 
Lie 
Lie 


ANS. FIG. P35.80(c) 


(b) Because the path of the beam is symmetric about a horizontal lines 
passing through the points where the beam reflects off a side mirror, 
we can divide the square enclosure into vertically stacked 
rectangular areas, each a mirror image of the one below. In each, the 
ray passes upward through the bottom center of the rectangle and 
exits at its top center until it reflects off the top mirror, then the ray 
passes back downward through each center until it exits the 
enclosure. The pattern of the ray's path is repeated in each rectangle. 
If the enclosure is divided into n rectangles, the height of each 
rectangle is L / n, and the beam strikes a side mirror at height L/2n 
within each rectangle. Therefore, the angle of entry at the opening is 


„ L2n 1 
tan 0 =—— = 
L/2 n 
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The cases for n = 2 and 3 are shown in ANS. FIG. 35.80(b) and (c) 
above. 

Yes. The ray will exit if it enters at an angle 6 that satisfies the 

condition tan(9 =—, where n =1, 2, 3, ... 

_ n _ 


Challenge Problems 

P35.81 Horizontal light rays from the setting Sun pass above the hiker. The 

light rays are twice refracted and once reflected, as in ANS. FIG. 
P35.81(b). The most intense light reaching the hiker, that which 
represents the visible rainbow, is located between angles of 40° and 42° 
from the hiker's shadow. 



Sunlight 



The hiker sees a greater percentage of the violet inner edge, so we 
consider the red outer edge. The radius R of the circle of droplets is 

R =(8.00 km)sin42.0° =5.35 km 


Then the angle 0, between the vertical and the radius where the bow 
touches the ground, is given by 


cos (j) 


2.00 km _2.00 km 
R 5.35 km 


=0.374 
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P35.82 


or 0=68.1°. 

The angle filled by the visible bow is 
360°-(2x68.1°) =224° 
224° 



so the visible bow is =1 62.2% of a circle I. 

360° 1 - 

The geometry of the situation is shown in 
ANS. FIG. P35.82, where P is the person 
and L is the lightbulb. 

We have used the law of reflection to claim 
that the angles on either side of the dashed 
line at O are equal. From triangle OPC, we 
see that 

cos 6 =— and sin 6 = — 

l x £ x 

which can be rearranged to give 

A = ^ and x x =£ 1 sin 0 [ 1 ] 

cosd 

Similarly, from triangle OLB, 

cos 6 = — and sin 6 = — 

i 2 £ 2 

which can be rearranged to give 

£ 2 = ^ and x 2 = £ 2 sin6 [ 2 ] 

cos 6 

Let n = 3.10 from the problem statement. The condition given in the 
problem is expressed as 

£ x + l 2 = ni [3] 

Substitute for i x and i 2 from equations [1] and [2]: 

d 2d n 3d m 

cos 6 cos 0 cos 6 

From triangle A PL, apply the Pythagorean theorem: 

£ 2 =d 2 +(xj +x 2 ) 

Substitute for X x and X 2 from equations [1] and [2]: 

£ 2 =d 2 +(^sin 6 +£ 2 smdf =d 2 +(i x +£ 2 fsm 2 e 
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Substitute from equation [3]: 

f =d 2 + n 2 l 2 sin 2 # -> f[l - n 2 sin 2 #) =d 2 [5] 

Eliminate i between equations [4] and [5]: 

^ 1 (l - n 2 sin 2 #) =d 2 -> 9 - 9n 2 sin 2 # =n 2 cos 2 0 
ncos #) ' 

Simplify this expression: 

9 = 9ft 2 sin 2 6 + n 2 cos 2 # = 8 n 2 sin 2 6 + n 2 sin 2 6+ n 2 cos 2 6 

= 8 ft 2 sin 2 6 + n 2 —> sin# = 

If we now substitute n = 3.10, we see that there is no real solution for 
sin 6. Therefore, it is impossible for the distances to be in this 
relationship. The largest value that n can have is 3.00, which leads to 
an incident angle of 0 °. 

In fact, we could have solved this problem more elegantly (and 
quickly!) by realizing that the largest ratio of distances would be 
obtained by bringing the person and the lightbulb as close together as 
possible given the condition on their distances from the mirror. This 
would be done by aligning them both above O in the figure so that the 
light strikes the mirror at normal incidence. Then, the person and 
lightbulb are separated by a distance d, and the light travels a distance 
3d. This gives a maximum ratio of 3.00 and we see that a ratio of 3.10 is 
impossible. 

P35.83 (a) Calling the angle between the dashed line in Figure P35.83 and 

the reflected laser beam 6, we see that 

tan# = =— —> x =—L tan# 

L/2 L 2 


19 - n 2 
8 n 2 


Differentiate with respect to time to find the speed of the laser 
spot on the wall: 


dx _ d 
dt dt 


-Ltan#l =-Lsec 2 #— 

.2 J 2 dt 


[ 1 ] 


From Figure P35.83, we see that 


sec# = 


1 

cos# 


^X 2 + L 2 
L 


[ 2 ] 


Because the incident ray is stationary, as the mirror turns through 
angle <j), its normal rotates through angle (p, so the angle of 
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P35.84 


incidence increases by 0 as does the angle of reflection. Therefore, 
the reflected ray rotates through 20. As a consequence, the 
angular speed of the reflected ray is twice that of the mirror: 

dO o 

®reflected ray = ^ = 2 « [3] 

Substitute equations [2] and [3] into equation [1]: 



(b) The variable in this expression is X, so we can minimize the speed 
by setting X = |o]. 

(c) Let X = 0 in the expression for V\ 



(d) The maximum speed occurs when the reflected laser beam arrives 
at a corner of the room, where X= L/2: 


J 4(L/2) 2 +L 2 


(e) Between the minimum and maximum speed, the reflected laser 
beam rotates through k /4 radians, so the mirror rotates through 
k! 8 radians. Therefore, 



(a) In the textbook Figure P35.84, we have r, = 4a 1 + x 2 and 

r 2 =^b 2 +(d -xf . The speeds in the two media are v 1 = c/n 1 and 
V 2 = c/n 2 so the travel time for the light from P to Q is indeed 


Af = — + — = - 

V \ V 2 


n 2 4b 2 +(d-x) 2 


(b) Now 


rf(At) _ 


2x n 2 2(d-x)(-l) 


dx 2c 4a 2 +x 2 2c 4b 2 +(d — x) 2 
for minimal travel time, which simplifies to 
n x x _ n 2 [d-x) 

4 a 2 +x 2 y jb 2 +[d-xf 


=0 is the requirement 
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(c) Now sin 6, = , and sin0 2 ^ • . so we have 

4777 4b 2 +[d-x) 2 

n 1 smQ 1 —n 2 sin 0 2 . 

P35.85 In ANS. FIG. P35.85, a ray travels along path AM from point A to the 
mirror, reflects and travels along path MB from the mirror to point B. 
Point A is a vertical distance a above the mirror, and point 6 is a 
vertical distance b above the mirror. Points A and B are a horizontal 
distance d apart. The ray strikes the mirror at point M which is a 
horizontal distance X from point A. The angle of incidence is 0, and the 
angle of reflection is G 2 . 



ANS. FIG. P35.85 


We have AM =4777 and MB =yjb 2 +(rf-x) 2 . The travel time for 
the light from A to 6 is 

am mb 477T 2 4777777 

At = -+-=-+ ----— 

c c c c 

We require a minimal travel time, so 

d( At) _ 1 2* , 1 2(d - %)(-!) =Q 

dx 2c ;ja 2 +,\ 2 2c +(d - xy 
which simplifies to 

x _ ( d-x) 

4777- 4^ 2 +{d-x) 2 

This expression is equivalent to 

sin ^ =sin 0 2 ^ 0 1 -0 2 

P35.86 (a) Assume the viewer is far away to the right. In ANS. FIG. 

P35.86(a), a ray directed toward the viewer comes tangentially 
from the edge of the glowing sphere and emerges from the 
atmosphere at angle 0 2 . The apparent radius of the glowing 
sphere is R 3 as shown. For the figure, we see that 

sin 6, =— and sin 0 , =— 

1 j? 1 v 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly. 


















Chapter 35 669 


Then, 

nsin6 1 =1.00 sin d 2 

and 


AJk I R = n R, I 

r 2 r 2 1—5-^ 



(b) If a ray is to come tangentially from the edge of the glowing 
sphere and emerge from the atmosphere, the incident angle 6 1 
must be less than the critical angle, 0 1 <0 C . Then, 

sinO, <sin 0 c =— 
n 


and 


— < — -> nR , <R 2 R ? > nR , 

R 2 n 12 21 

This is not so for the case we consider here. 



ANS. FIG. P35.86(b) 


Thus, the ray considered in part (a) undergoes total internal 
reflection. In this case a ray traveling toward the viewer must 
emerge tangentially from the atmosphere, as shown in ANS. FIG. 
P35.86(b), so the apparent radius of the glowing sphere is the 
same as the radius of the atmosphere: | R 3 =R 2 | . 
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An 

*P35.87 Define T =-. -ry as the transmission coefficient for one encounter 

(n +1 Y 

with an interface. For diamond and air, it is 0.828, as in Problem 
P35.58. As shown in ANS. FIG. P35.87, the total amount transmitted is 

T 2 +T 2 [1-T) 2 +T 2 [1-TY 
+T 2 (1 -Tf +... +T 2 (1 - TY n +.. 

We have 1 -T =1-0.828 =0.172, so the total transmission is 
(0.828) 2 [1 + (0.172) 2 + (0.172) 4 + (0.172 ) 6 +...] 

To sum this series, define 

F =1 +(0.172 Y +(0.172) 4 +(0.172 ) 6 +... 

Note that (0.172) 2 F =(0.172) 2 +(0.172) 4 +(0.172) 6 +..., and 

1 +(0.172) 2 F =1 +(0.172 ) 2 +(0.172 ) 4 +(0.172) 6 +... =F 


Then, 

1=F-(0.172) 2 F or F =- 
The overall transmission is then 


1 

1 - (0.172 Y ' 
(0.828) : 


1 - (0.172 Y 


=0.706 or 170.6% | . 


100% 

T 

T 2 

(1-T) 

J 2 (l-T) 

T(l-T) 

T 2 (l-T)^ 2 

T 2 0-T) 3 

TQ I) 3 

^T(l-T) 3 

T 2 (l-T)^ 


J 2 (l-D 5 

T (1-T) 4 

. T(l-T) 5 



ANS. FIG. P35.87 
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lNSWERS to even-numbered problems 


P35.2 (a) 3.00 x 10 8 m/s; (b) The sizes of the objects need to be taken into 

account. Otherwise the answer would be too large by 2%. 

P35.4 2.27 x 10 8 m/s 

P35.6 19.5° above the horizon 

P35.8 (a) 0 = 30.4°; (b) ff = 22.3° 

P35.10 (a) See P35.10(a) for full explanation; (b) Now CBE = 0 is the angle of 

incidence of the vertical light beam. Its angle of reflection is also 0. The 
angle between the vertical incident beam and the reflected beam is 20; 
(c) 0 = 0.055 7° 

P35.12 0 2 =19.5°; 0 3 =19.5°; 0 4 =30.0° 

P35.14 (a) 78.3°; (b) 2.56 m; (c) 9.72°; (d) 442 nm; (e) The light wave slows 

down as it moves from air to water, but the sound wave speeds up by 
a larger factor. The light wave bends toward the normal and its 
wavelength shortens, but the sound wave bends away from the normal 
and its wavelength increases. 

P35.16 (a) 1.52; (b) 417 nm; (c) 4.74 x 10 14 Hz; (d) 198 Mm/s 

P35.18 /3 =180°- 20 

P35.20 (a) See P35.20(a) for full explanation; (b) See P35.20(b) for full 

explanation. 

P35.22 (a) 0.387 cm; (b) 106 ps 

P35.24 (a) Yes, if the angle of incidence is 58.9°; (b) No. Both the reduction in 

speed and the bending toward the normal reduce the component of 
velocity parallel to the interface. This component cannot remain 
constant for a nonzero angle of incidence. 

P35.26 6.30 cm 

P35.28 (a) See P35.28(a) for full explanation; (b) 37.2°; (c) 37.3°; (d) 37.3° 

P35.30 The index of refraction of the atmosphere decreases with increasing 
altitude because of the decrease in density of the atmosphere with 
increasing altitude. As indicated in the ray diagram, the Sun located at 
S below the horizon appears to be located at S'. 

P35.32 (a) - = ^; (b) 4.73 cm; (c) For n = 1, h = 0. For n = 2, h = °°. For 

d V 4 - n 

n > 2, h has no real solution. 

P35.34 (a) See ANS. FIG. P35.34; (b) 42.0°; (c) 63.1°; (d) 26.9°; (e) 107 m 
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P35.36 

P35.38 


P35.40 

P35.42 

P35.44 

P35.46 


P35.48 

P35.50 

P35.52 

P35.54 

P35.56 

P35.58 

P35.60 

P35.62 


(a) 48.2°; (b) 47.8° 

(a) See ANS. FIG. P35.38(a); (b) As the waves move to shallower water, 
the wave fronts slow down, and those closer to shore slow down more. 
The rays tend to bend toward the normal of the contour lines; or 
equivalently, the wave fronts bend to become more nearly parallel to 
the contour lines; (c) See ANS. FIG. P35.38(c); (d) We suppose that the 
headlands are steep underwater, as they are above water. The rays are 
everywhere perpendicular to the wave fronts of the incoming 
refracting waves. As shown, because the rays tend to bend toward the 
normal of the contour lines, the rays bend toward the headlands and 
deliver more energy per length at the headlands. 


• -ij • L • -ifsineYll • -ij • L • -ifsinflY 
sm jn^sin <P-sin I-IB--sin jn R sin <P-sin I -I 

(a) 27.0°; (b) 37.1°; (c) 49.8° 

0 1 >sin“ 1 ^nsin^O-sin _1 ^^ : ^jjj; >sin _1 (Vn 2 - IsinO- cosoj 


(a) 24.42°; (b) Because the angle of incidence (35.0°) is greater than the 
critical angle, the light is totally reflected at P ; (c) 33.44°; (d) Yes. In this 
case, the angle of incidence is just larger than the critical angle, so the 
light ray again undergoes total internal reflection at P ; (e) clockwise; 

(f) 2.83° 

(a) 10.7°; (b) air; (c) Sound in air falling on the wall from directions is 
100 % reflected. 


(a) See P35.50(a) for full explanation; (b) n > 1.41 and n < 2.12 

(a) angle of incidence: 30.0°, angle of refraction: 18.8°; (b) angle of 
incidence: 30.0°, angle of refraction: 50.8°; (c) and (d) See TABLE 
P35.52. 

No light from above the water will approach the scuba diver's eyes 
from 48.8° found in Example 35.6. 

Five times from the right-hand mirror and six times from the left. 

(a) (YfTF ; (b) 68 ' 5% 



times larger 


See P35.62 for full explanation. 
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P35.64 Consider an insulated box with the imagined one-way mirror forming 
one face, installed so that 90% of the electromagnetic radiation incident 
from the outside is transmitted to the inside and only a lower 
percentage of the electromagnetic waves from the inside make it 
through to the outside. Suppose the interior and exterior of the box are 
originally at the same temperature. Objects within and without are 
radiating and absorbing electromagnetic waves. They would all 
maintain constant temperature if the box had an open window. With 
the glass letting more energy in than out, the interior of the box will 
rise in temperature. But this is impossible, according to Clausius's 
statement of the second law. This reduction to a contradiction proves 
that it is impossible for the one-way mirror to exist. 

P35.66 The beam will exit after making 81 reflections, so it does not make 85 
reflections. 

P35.68 (a) Total internal reflection occurs for all values of 0, or the maximum 

angle is 90°; (b) 30.3°; (c) Total internal reflection never occurs as the 
light moves from lower-index polystyrene to higher-index carbon 
disulfide. 

P35.70 (a) The optical day is longer; (b) 164 s 

P35.72 36.5° 

P35.74 1.93 

P35.76 (a) n = + ; (b) 2.10 cm; (c) violet 

P35.78 (a) See ANS. FIG. P35.78; (b) The straightness of the graph line 

demonstrates Snell's proportionality of the sine of the angle of 
refraction to the sine of the angle of incidence; (c) 1.328 ± 0.8% 

P35.80 (a) 45.0°; (b) Yes. The ray will exit if it enters at an angle 0 that satisfies 

the condition tan0 =—, where n = 1,2,3,... 
n 

P35.82 The person and lightbulb are separated by a distance d, and the light 

travels at a distance 3d. This gives a maximum ratio of 3.00, and we see 
that a ratio of 3.10 is impossible. 

P35.84 (a-c) See P35.84 for full explanations. 

P35.86 (a) R 3 = nR (b) R 3 = R 2 
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CHAPTER OUTLINE 


36.1 Images Formed by Flat Mirrors 

36.2 Images Formed by Spherical Mirrors 

36.3 Images Formed by Refraction 

36.4 Images Formed by Thin Lenses 

36.5 Lens Abberations 

36.6 The Camera 

36.7 The Eye 

36.8 The Simple Magnifier 

36.9 The Compound Microscope 

36.10 The Telescope 


|* An asterisk indicates a question or problem new to this edition.) 


lNSWERS to objective questions 


OQ36.1 Answer (b). A change in the medium in contact with the outer 

surface will result in a change in refraction at the outer surface if the 
surface is curved. Refraction should be limited to the inner surface 
because the medium inside (air) does not change. The outer surface 
should be flat so that it will not produce a fuzzy or distorted image 
for the diver when the mask is used either in air or in water. 

OQ36.2 (i) Answer (c). The image is an upright and virtual at first then 

inverted and real. A concave (converging) mirror can produce 
real and virtual images depending on the object distance. 

(ii) Answer (c). When the object passes through the focal point, the 
image switches from virtual to real. 

674 
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OQ36.3 


OQ36.4 


OQ36.5 


OQ36.6 


OQ36.7 


Answer (b). A converging lens forms real, inverted images of real 
objects located outside the focal point. 


1 1 _ 1 1 
p q f 50.0 cm 

,, -q -21.4 cm 
p 50.0 cm 


1 1 

H— —- 

q 15.0 cm 

= -0.429 


q = 21.4cm 


The positive image distance confirms that the image is real, and the 
negative magnification confirms that the image is inverted. Also, 

M = -0.429 tells us the image is smaller than the object. 

(i) Answer (e). A converging lens forms real, inverted images of 
real objects located farther than the focal length (p > f), and 
virtual, upright images of real objects located closer than the 
focal length (p <f). 

(ii) Answers (a) and (c). A diverging lens forms a virtual, upright, 
and diminished image of any real object located any distance 
from the lens. 


Answer (d). The entire image is visible, but only at half the intensity. 
Each point on the object is a source of rays that travel in all 
directions. Thus, light from all parts of the object goes through all 
unblocked parts of the lens and forms an image. If you block part of 
the lens, you are blocking some of the rays, but the remaining ones 
still come from all parts of the object. 

Answer (d). The image is upright, so the magnification is positive: 


M = —: 

V 

I+I-I. 
v q f 


+ 1.50 = - 


30.0 cm 
1 1 


q = -45.0 cm 


30.0 cm -45.0 cm / 
Answer (b). For lens 1, the object distance p 1 = 50.0 cm: 


/ = 90.0 cm 


JL + JL-JL 1 1 _ 1 

Pi tfi fi ^0-0 cm ‘h 1^-0 cm 


q x = 21.4 cm 


The image distance is positive, so the image is real and forms 21.4 cm 
to the right of lens 1. 

The image of lens 1 is the object of lens 2. For lens 2, the object 
distance p 2 = 35.0 cm - 21.4 cm = 13.6 cm: 


J_ + J_ _ J_ 

Pi tfi ft 


1 1 

- 1 - 

13.6 cm q 2 


1 

10.0 cm 


q 2 = 38.0 cm 
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The image distance is positive, so the image is real and forms 38.0 cm 
to the right of lens 2. 

From Equation 36.18, the overall magnification is 


/ z3i 

( 

f-21.4cm^| 

^ -38.0 cm ^ 

{ Pi J 

{ P2 , 

50.0 cm J 

v 13.6 cm J 


OQ36.8 Answer (c). The amount of light focused on the film by a camera is 
proportional to the area of the aperture through which the light 
enters the camera. Since the area of a circular opening varies as the 
square of the diameter of the opening, the light reaching the film is 
proportional to the square of the diameter of the aperture. Thus, 
increasing this diameter by a factor of 3 increases the amount of light 
by a factor of 9. 

OQ36.9 Answer (b). The angle of refraction for the light coming from the fish 
to the person is 60°. The angle of incidence is smaller, so the fish is 
deeper than it appears. [Refer to CQ35.16.] 

OQ36.10 The ranking isc>e>a>d>b. In case (c) the object distance is 

effectively infinite. In (e) the object distance is very large compared to 
the focal length, but not infinite. In (a) the object distance is a little 
larger than the focal length. In (d) the object distance is equal to the 
focal length. In (b) the object distance is less than the focal length. 

OQ36.11 Answer (d). We can answer this question conceptually by noting that 
if the lens were surrounded by water, parallel light rays passing into 
and out of the lens would experience smaller changes in the index of 
refraction, so they would bend less, and so would focus farther from 
the lens. 


We can answer this question quantitatively if we consider the 
derivation of the lens makers' equation (Equation 36.15) for the 
general case of the lens being surrounded by a medium of index n 0 . 
We would conclude that Equation 36.15 takes the general form 



So, for a lens of crown glass (n = 1.52, from Table 35.1) surrounded 
by air, n 0 = 1 , we have 


J =(1.52-1) 



1 


15.0 cm 
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OQ36.12 


OQ36.13 


OQ36.14 


but for a lens surrounded by water, n 0 = 1.333, and we have 


1 

7 


_( 1.52 
V1-333 


1.333 AR, R : 


( 1.52 


f 1-52 \ 

±X\ _ y 1.333 ) 1 

R 2 )\ (1.52-1) 15.0 cm 


/ =55.6 cm 


Answer (e). At the smallest distance the object and image distances 
are equal, p = q: 

1 1 _ 1 
V V 1 

(i) Answers (a) and (c). The image of a real object formed by a 
plane mirror is always an upright and virtual image, which is 
the same size as the object and located as far behind the mirror 
as the object is in front of the mirror. 

(ii) Answer (e). A concave (converging) mirror forms real, inverted 
images of real objects located outside the focal point (p > f), and 
virtual, upright images of real objects located inside the focal 
point (p < f) of the mirror. 

(iii) Answer (a) and (c). With a real object in front of a convex 
(diverging) mirror, the image is always virtual, upright, and 
diminished in size, and located between the mirror and the focal 
point. 

Answer (b). The image is upright, and corresponding parts of the 
object and image are the same distance from the mirror. 


1 1 _ 1 

V V 1 
2_1 

V f 


p = 2f = q 
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ANSWERS TO CONCEPTUAL QUESTIONS 


CQ36.1 


CQ36.2 


CQ36.3 


CQ36.4 


CQ36.5 


(a) Yes. 

(b) You have likely seen a 

Fresnel mirror for 
sound. The diagram 
represents first a side 
view of a band shell. It 
is a concave mirror for 
sound, designed to 
channel sound into a 
beam toward the ANS. FIG. CQ36.1 

audience in front of the 

band shell. Sections of its surface can be kept at the right 
orientations as they are pushed around inside a rectangular box 
to form an auditorium with good diffusion of sound from stage 
to audience, with a floor plan suggested by the second part of 
the diagram. 

(a) The focal point is defined as the location of the image formed by 
rays originally parallel to the axis. An object at a large but finite 
distance will radiate rays nearly but not exactly parallel. Infinite 
object distance describes the definite limiting case in which 
these rays become parallel. 

(b) To measure the focal length of a converging lens, set it up to 
form an image of the farthest object you can see outside a 
window. The image distance will be equal to the focal length 
within one percent or better if the object distance is a hundred 
times larger or more. 

Because when you look at the 3DMAJU8MA in your rear view 
mirror, the apparent left-right inversion clearly displays the name of 
the AMBULANCE behind you. Do not jam on your brakes when a 
MIAMI city bus is right behind you. 

Chromatic aberration arises because a material medium's refractive 
index can be wavelength dependent. A mirror changes the direction 
of light by reflection, not refraction. Light of all wavelengths follows 
the same path according to the law of reflection, so no chromatic 
aberration happens. 

(a) Yes. If the converging lens is immersed in a liquid with an index 
of refraction significantly greater than that of the lens itself, it 
will make light from a distant source diverge. 
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CQ36.6 


CQ36.7 


CQ36.8 


CQ36.9 


(b) No. This is not the case with a converging (concave) mirror, as 
the law of reflection has nothing to do with the indices of 
refraction. 

As in the diagram, let the center of 
curvature C of the fishbowl and the 
bottom of the fish define the optical 
axis, intersecting the fishbowl at 
vertex V . A ray from the top of the 
fish that reaches the bowl surface 
along a radial line through C has 
angle of incidence zero and angle of 
refraction zero. This ray exits from the 
bowl unchanged in direction. A ray 
from the top of the fish to V is 
refracted to bend away from the normal. Its extension back inside 
the fishbowl determines the location of the image and the 
characteristics of the image. The image is upright, virtual, and 
enlarged. 

(a) An infinite number. In general, an infinite number of rays leave 
each point of any object and travel in all directions. Note that 
the three principal rays that we use for imaging are just a subset 
of the infinite number of rays. 

(b) All three principal rays can be drawn in a ray diagram, 
provided that we extend the plane of the lens as shown in 
Figure CQ36.7. 



ANS. FIG. CQ36.7 

With the meniscus design, when you direct your gaze near the outer 
circumference of the lens you receive a ray that has passed through 
glass with more nearly parallel surfaces of entry and exit. Thus, the 
lens minimally distorts the direction to the object you are looking at. 
If you wear glasses, turn them around and look through them the 
wrong way to maximize this distortion. 

Note that an object at infinity has an image at the focal point of a 
converging lens, and an object at the focal point of a converging lens 



ANS. FIG. CQ36.6 
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has its image at infinity, so we may conclude that the farther an 
object is from a lens, the closer the image is to the focal point of the 
lens. Therefore, we expect the image of the farther tree to form closer 
to the lens, so we conclude that the screen should be moved toward 
the lens. 

We can verify our conclusion using the lens equation: 

I+I = i _> 1 _ 1 1-P-/- W/P ^ ^ 7 _ / 

v q f q f p fp f 1 ~f/p 

For p = X, q — — — — , and for p' = 2x, q' =- — - <q. so our 

H l-fix’ 1- f f2x 

conclusion is correct. 

CQ36.10 In the diagram, only two of the three principal rays have been used 
to locate images to reduce the amount of visual clutter. The upright 
shaded arrows are the objects, and the correspondingly numbered 
inverted arrows are the images. As you can see, object 2 is closer to 
the focal point than object 1, and image 2 is farther to the left than 
image 1. 



CQ36.11 The eyeglasses on the left are diverging lenses that correct for 

nearsightedness. If you look carefully at the edge of the person's face 
through the lens, you will see that everything viewed through these 
glasses is reduced in size. The eyeglasses on the right are converging 
lenses, which correct for farsightedness. These lenses make 
everything that is viewed through them look larger. 

CQ36.12 The eyeglass wearer's eye is at an object distance from the lens that is 
quite small—the eye is on the order of 10” 2 meter from the lens. The 
focal length of an eyeglass lens is several decimeters, positive or 
negative. Therefore the image distance will be similar in magnitude 
to the object distance. The onlooker sees a sharp image of the eye 
behind the lens. Look closely at Figure CQ36.11a and notice that the 
wearer's eyes seem not only to be smaller, but also positioned a bit 
behind the plane of his face—namely, behind where they would be if 
he were not wearing glasses. Similarly, in Figure CQ36.11b, his eyes 
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CQ36.13 

CQ36.14 

CQ36.15 


CQ36.16 

CQ36.17 


seem to be magnified and in front of the plane of his face. We as 
observers take the light information coming from the object through 
the lens and perceive or photograph the image as if it were an object. 

Absolutely. Only absorbed light, not transmitted light, contributes 
internal energy to a transparent object. A clear lens can stay ice-cold 
and solid as megajoules of light energy pass through it. 

Make the mirror an efficient reflector (shiny). Make it reflect to the 
image even rays far from the axis, by giving it a parabolic shape. 

Most important, make it large in diameter to intercept a lot of solar 
power. And you get higher temperature if the image is smaller, as 
you get with shorter focal length; and if the furnace enclosure is an 
efficient absorber (black). 

The artist's statements are accurate, perceptive, and eloquent. The 
image you see is "almost one's whole surroundings," including 
things behind you and things farther in front of you than the globe is, 
but nothing eclipsed by the opaque globe or by your head. For 
example, we cannot see Escher's index and middle fingers or their 
reflections in the globe. 

The point halfway between your eyes is indeed the focus in a 
figurative sense, but it is not an optical focus. The principal axis will 
always lie in a line that runs through the center of the sphere and the 
bridge of your nose (between your eyes). Outside the globe, you are 
at the center of your observable universe. If you close one eye, the 
center of the looking-glass world may hop over to the location of the 
image of your open eye (depending on which eye is dominant). 

Both words are inverted, but the word OXIDE looks the same when 
inverted. 

Yes, the mirror equation and the magnification equation apply to 
plane mirrors. A curved mirror is made flat by increasing its radius 
of curvature without bound, so that its focal length goes to infinity. 

From — + - = — = 0 we have — =—; therefore, p = -q. The virtual 

V q f p q 

image is as far behind the mirror as the object is in front. The 
q p 

magnification is M =-— =— =1. The image is right side up and 
actual size. 
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SOLUTIONS TO END-OF-CHAPTER PROBLEMS 


Section 36.1 
P36.1 



Images Formed by Flat Mirrors 

ANS. FIG. P36.1 shows the path of rays 
reflected by a mirror of minimum height: 
rays from the person's feet and top of his 
head travel along the respective paths 
123 and 543 to his eyes. The rays reflect 
at the bottom and top of the mirror. 

Because of the law of reflection, the paths 
can be considered to form the 
hypotenuses of two pairs of right 
triangles with common base C: two large 
similar right triangles with height a, and 
two small similar right triangles with 
height b. 

Rays from his feet enter his eyes a 
vertical distance 2a from the ground. 

The rays from the top of his head enter 
his eyes a distance 2b from the top of his head. His full height is H - 
+ 2b. The mirror has height L = a + b. We see then that 

H 178 cm r—-1 

L = a + b = — =-= 89 cm 

2 2 1 - 1 

The virtual image is as far behind the 
mirror as the choir is in front of the mirror. 

Thus, the image is 5.30 m behind the 
mirror. The image of the choir is 0.800 m + 

5.30 m = 6.10 m from the organist. Using 
similar triangles: 

h' _ 6.10 m 
0.600 m 0.800 m 


ANS. FIG. P36.1 



h' =(0.600 m] 


ANS. FIG. P36.2 


P36.3 (a) 

(b) 


|Younger| . Light takes a finite time to travel from an object to the 
mirror and then to the eye. 

I stand about 40 cm from my bathroom mirror. I scatter light, 
which travels to the mirror and back to me in time interval 


A,=™ = 


3 x 10 8 m/s 
myself as I was then. 


- 110 9 s | , showing me a view of 
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P36.4 The mirrors are 6.00 m apart. 

(1) The first image in the left mirror is 2.00 m behind the mirror, or 
2.00 m + 2.00 m = | 4.00 m | from the position of the person. 

(2) The first image in the right mirror is located 4.00 m behind the 
right mirror, but this location is 4.00 m + 6.00 m = 10.0 ft from the 
left mirror. Thus, the second image in the left mirror is 10.00 m 
behind the mirror, or 10.00 m + 2.00 m = | 12.00 m~| from the 
person. 

(3) The first image in the left mirror forms an image in the right 
mirror. This first image is 2.00 m + 6.00 m = 8.00 m from the right 
mirror, and, thus, an image 8.00 m behind the right mirror is 
formed. This image in the right mirror also forms an image in the 
left mirror. The distance from this image in the right mirror to the 
left mirror is 8.00 m + 6.00 m = 14.00 m. The third image in the left 
mirror is, thus, 14.00 m behind the mirror, or 14.00 m + 2.00 m = 

| 16.00 m~| from the person. 

P36.5 For a plane mirror, q = -p. Recall from common experience that the 
position of an image does not shift as a viewer rotates. Thus, to a 
viewer looking toward a mirror that is turned by 45°, the image 
distance still follows this rule. 

(a) The upper mirror M 1 produces a virtual, actual-sized image / , 
according to 

M, = - — = +1 

Pi 

As shown in ANS. FIG. P36.5, this image is a distance p 1 above the 
upper mirror. It is the object for mirror M 2 , at object distance 

p 2 = p 1 + h 

The lower mirror produces a virtual, actual-sized, right-side-up 
image according to 

<h =-Pi =~(Pi +h ) 

with 

M 2 = -—= +l and M overaU =M,M 2 =1. 

Pi 

Thus the final image is at distance |p 2 + h, behind the lower mirror| . 

(b) It is | virtual | . 
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(c) [Upright] 

(d) With magnification | +1.00 | . 

(e) ® Left and right are not reversed. In a top view of the 
periscope, parallel rays from the right and left sides of the object 
stay parallel and on the right and left. The first mirror switches 
left and right, but the second mirror switches them again; so, 
overall left and right are not reversed. 



P36.7 We assume that she looks only at images in the nearest mirror. The 
mirrors are 3.00 m apart. 

(a) With her palm located 1.00 m in front of the nearest mirror, that 
she sees its image [l.OO m behind the nearest mirror] . 

(b) The nearest mirror shows [the palm] of her hand. 
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(c) Her hand is 2.00 m from the farthest mirror, so its image forms 
2.00 m behind the farthest mirror, but this image is 2.00 m + 3.00 
m = 5.00 m from the nearest mirror, so the image she sees is |5.00| 
[mbehind the nearest mirror). 

(d) The image is that of [the back of her hand) reflected in the farthest 
mirror. 

(e) The farthest mirror forms an image of the first image of part (a), 
which is 1.00 m + 3.00 m = 4.00 m from the farthest mirror; this 
image is then 4.00 m behind the farthest mirror, so it is 4.00 m + 
3.00 m = 7.00 m in front of the nearest mirror, so the image she 
sees is |7.00 m behind the nearest mirror) . 

(f) This is the image of [the palm] reflected back from the nearest to 
the farthest and back to the nearest mirror. 

(g) Since all images are located behind the mirror, and all images 
result from light reflected in a mirror, [all are virtual images] . 


Section 36.2 Images Formed by Spherical Mirrors 

P36.8 (a) A concave mirror is a converging mirror, so the focal length 

f = +20.0 cm. Then, — + - = — gives 

PVf 


1 


1 


q = +33.3 cm 


(b) M 


50.0 cm q 20.0 cm 
Since q > 0, the image is located 133.3 cm in front of the mirror | . 
_ q _ (33.3 cm) 


50.0 cm 


= - 0.666 


(c) The image distance is positive, so the image is |real| . 

(d) The magnification is negative, so the image is [inverted| . 

We apply the mirror equation using the sign conventions listed in the 
textbook chapter. 

(i) The mirror equation gives 

11 1 _ 1 1 
"/ 


q 

and 


M 


p 10.0 cm 40.0 cm 
q _ 13.3 cm 


q =13.3 cm 


■0.333 


p 40.0 cm 
(a) The image is |13.3 cm| in front of the mirror. 
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(b) The image distance is positive, so the image is |real| . 

(c) The magnification is negative, so the image is |inverted| . 

(d) From above, M = |-0.3331 . The value of M indicates that the 
image is inverted and one-third the height of the object. 



ANS. FIG. P36.9(i) 


The ray diagram traced in ANS. FIG. P36.9(i) shows this 
identification more clearly, and that the image is inverted. 

(ii) Again, from the mirror equation, 

111 1 1 


q f p 10.0 cm 20.0 cm 


and 


q =20.0 cm 


p 20.0 cm 

The ray diagram for this case is shown in ANS. FIG. P36.9(ii). 

(a) The image is |20.0 cm| in front of the mirror. 

(b) The image distance is positive, so the image is [real| . 

(c) The magnification is negative, so the image is |inverted| . 

(d) From above, M = |-1.001 . The value of M indicates that the 
image is inverted and the same height as the object in this 
special case. 
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(iii) (a) The object is now at the focal point of the mirror. Following 
the same steps gives 

1 = _1_ = 1 =oo 

q 2/R-l/p 2/(20.0 cm)-l/(10.0 cm) 0 °° 

We can say that no image is formed, or that the image is at 
an infinite distance. The ray diagram for this case is shown 
in ANS. FIG. P36.9(iii). 

(b) In this special case the reflected rays do not intersect. We c annot 
classify the image as real or virtual as [no image is formed] 

(c) We cannot classify the image as upright or inverted as [no image] 
[islx>rmcd| . 

A screen placed at a large distance in front of the mirror can 
intercept the reflected light energy, showing the appearance of an 
upside-down real image, but it is not sharp for any finite distance. 
You can look into the mirror to view the image as a right side up 
virtual image, with your eye focused on infinity. 

q oo 

(d) The magnification is M =-— =-=°°. 

p 20.0 cm 

In this special case, if we say [no image is formed] at a finite 
distance, it has no finite magnification. If we say the image is at 
infinity, then its height and its magnification are also infinite. 
There is no physical difference between -b° and -oo. 



(a) To approximate paraxial rays, the rays should be drawn so that 
they reflect at the vertical plane that passes through the vertex of 
the mirror, rather than at the mirror's surface, as done in the 
textbook. For this reason, the concave surface of the mirror 
appears flat in ANS. FIG. P36.10. 

(b) |q=gj m crtyso tfiedmage is behind the mirror] . 
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P36.ll 



ANS. FIG. P36.10 

(c) jSjf = +2.00, so the image is enlarged and upright) . 

(d) The mirror is concave (converging), so f = +40.0 cm. 

Ill 1 1 


q f p 40.0 cm 20.0 m 

_-q _-(-40.0 cm) 

20.0 cm 


q =-40.0 cm 


and M =—- 
V 


= + 2.00 


The convex mirror is described by 

. R -40.0 cm 
/ = 4 »* -=-20.0 cm 

j 2 2 

ANS. FIG. P36.ll shows the ray diagram for this situation. 


Xu 





L 

U- P -»| 


F 

C 


ANS. FIG. P36.ll 


(a) Then — + - = — gives 

v q f 

q = - - - =— 7 - r - 7 - \ =1-12.0 cm I 

1 l/f-l/p 1 /(-20.0 cm)-1/(30.0 cm) 1 - 1 

The magnification factor is 
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P36.12 


P36.13 


The image is behind the mirror, upright, virtual, and diminished, 
(b) Following the same steps, 

1 1 


1/f-l/p 1 /(-20.0 cm)-1/(60.0 cm) 


= -15.0 cm 


and M = —= - 


"-15.0 cm3 
, 60.0 cm J 


= 1+0.250 . 


(c) Since M > 0, the images are | both upright | . 

(a) The mirror is convex (diverging), so 

r R 0.550 m ___ 

f = -=-=-0.275 m 

j 2 2 

1 _ 1 _ 1 _ 1 _ 1 
q f p -0.275 m 10.0 m 

gives q =-0.267 m = |-26.7 cm] . 

The image distance is negative; thus, the image is virtual. The 
image is 26.7 cm behind the mirror. 

(b) M = —= - ~°‘ 267 = +0.026 7 

V ’ p 10.0 m 

The magnification is positive, so the image is [upright| . 

(c) From above, M = | 0.026 71 . 

(a) The mirror is convex (diverging), so f = -10.0 cm. 

q f V 


-10.0 cm 30.0 m 


q = |-7.50 cm | 


The image distance is negative; thus, the image is virtual. The 
image is 7.50 cm behind the mirror. 

(b) From M = — =-= +0.250, we see that the magnification 

p 30.0 cm 6 

is positive, so the image is [upri B 

(c) M =— —» h' =Mh =30.250(2.00 cm) =|0.500 cm| 

h 
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P36.14 (a) Since the object is in front of the mirror, p > 0, and p = 1.00 cm. 

With the image behind the mirror, the image is virtual, so Q < 0, 
and q = -10.0 cm. The mirror equation gives for the radius of 
curvature 

12 11 1 1 r R „ 

- = — = — + - =-1-—> / = — = 1.11 cm 

f R p q 1.00 cm -10.0 cm 2 


R p-2.22 cm| 

A positive radius means the mirror is converging, so it is a 
concave mirror. 

(b) The magnification is M =- — =_ ( ^-0 cm ) =1 +10.0 I. 

p 1.00 cm - 


P36.15 The niche acts as a cylindrical mirror that reflects sound. This is a 
mirror with a vertical axis and a radius R = 2.50 m: its focal length 

/ =| =1.25 m. To the extent that we can treat sound as being 

composed of "rays of sound," we can find the point of focus of sound 
waves by using the same method we use for rays of light. 

In a vertical plane the sound disperses as usual, but that radiated in a 
horizontal plane is concentrated in a sound image at distance q from 
the back of the niche, where 

1 1 _ 1 1 1 _ 1 

p q f 2.00 m q 1.25 m 


q = |3.33 m from the deepest point in the niche | . 

P36.16 A convex mirror diverges light rays incident upon it, so the mirror in 
this problem cannot focus the Sun's rays to a point. 

P36.17 From the definition of magnification, M , which gives 

q =-Mp =-0.013 0(30 cm) =-0.390 cm 
Then, from the mirror-lens equation, 

1 I-I-l 
p + q~f~R 
1 1 _ 2 
30.0 cm -0.390 cm R 


R = -0.790 cm 


The cornea is convex, with radius of curvature | 0.790 crrT 
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P36.18 


P36.19 


The ball is a convex mirror with a diameter of 8.50 cm: 


R = -4.25 cm and / =— =-2.125 cm 
J 2 


(a) We have 


M = 


=-i - 

4 p 
By the mirror equation, 

1 1 _ 1 

v q 1 

i + i = _: 

V -(3/4 )p -2.12 



= — —> p = +0.708 m 


3 p 3 p -2.125 cm 3 p 
The object is |0.708-.m in frdffit of%e sphere| . 

(b) From ANS. FIG. P36.18, the image is [upright) , virtual, and 
diminished. 

(a) The image is inverted and 4.00 times larger, so the magnification 


M =-4.00 =- — cj=4.00p 

V 

Thus the image is farther from the mirror than the object. 
The object and images distances are related by 

q-p =0.600 m =4.00p - p =3.00 p -» p =0.200 m. 


and q = 0.800 m. 

By the mirror equation. 


0.200 m 0.800 m 


/= 0.160 m 


(b) A convex (diverging) mirror forms an upright, virtual image, so 
the magnification is 


M = + 0.500 = -^ -» q = -0.500p 

The image is virtual, so it is behind the mirror, and the image 
distance is negative. The object and images distances are related 
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P36.20 


P36.21 


by 

|^| +p =0.600 m =-q +p =-(-0.500p) +p =1.50 p 
p =0.400 m -> q =-0.200 m 

1 1 _ 1 _ 1 1 
p q f 0.400 m -0.200 m 

(a) The image is inverted, and a > 1 times larger, so the magnification is 


/ = I -0.400 m I 


M =-a =-— —> q =ap 

Thus the image is farther from the mirror than the object. 
The object and image distances are related by 

q-p=d=ap-p=[a-l)p -> p=-^-, 1=^7 

a -1 a — 1 

By the mirror equation, 

1 _1 + 1 _ a-1 | a- 1 _ fl(g-l)+(fl-l) _a 2 -1 
f p q d ad ad ad 

c _| ~~ad~ 

J — ~2 7 

^ — 1 

(b) The image is upright, and a < 1, so the magnification is: 


M =a =-i 

P 


^ =-qp 


The image is virtual, so it is behind the mirror, and the image 
distance is negative. The object and image distances are related by 

|g| +p =d =-q +p =-(-ap) +p =(a +1 )p 


V 


d 

1 +a 


and 


q =-ap - 


_ -ad 
1 +q 


By the mirror equation, 

1 _1 + 1 _l+a + l+a _a(l+a)-[l+a) _a 2 -1 
f p q d -ad ad ad 


/ = 


ad 

a 2 -l 


From the magnification equation, 

,. h' +4.00 cm 

M = — =-= +0.400: 

h 10.0 cm 


i 

V 
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P36.22 


which gives q = -0.400p, so the image must be virtual. 

(a) It is a (diverging) | convex j mirror that produces a diminished, 
upright virtual image. 

(b) We must have 

p + \q\ = 42.0 cm = p-q 


p = 42.0 cm + q 
p = 42.0 cm - 0.400p 
42.0 cm 


V=~ 


1.40 


The mirror is | at the 30.0-cm mark~| . 

(c) =—L_ +- 1 - =1 =_ 0.050 0/cm 

p q f 30 cm -0.400 (30 cm) / 

| / =-20.0 cm | 

The ray diagram looks like Figure 36.13(c) in the text. 

(a) Since the mirror is concave, R > 0, giving f = ^ = +12.0 cm. The 
magnification is positive because the image is upright: 


M = -^ = + 3 ^ q = -3p 


(b) 


The mirror equation is then 

I + I-I 
v q f 

1 _ 1 _ 2 _ 1 
p 3 p 3 p 12.0 cm 

ANS. FIG. P36.22(b) shows the principal ray diagram for this 
situation. 


p = 18.00 cm | 



ANS. FIG. P36.22(b) 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly i 


sible website, in whole or in part. 
















694 Image Formation 


(c) The image distance is negative, so the image is [virtual) . The rays 
of light do not actually come from the position of the image. 

P36.23 Assume that the object distance is the same in both cases (i.e., her face 
is the same distance from the hubcap regardless of which way it is 
turned). Also realize that the near image (q = -10.0 cm) occurs when 
using the convex side of the hubcap. Applying the mirror equation to 
both cases gives: 

concave side: R =|R|, q = -30.0 cm 


P36.24 


I_^L=A 2 _ 30.0cm -p 

p 30.0 |jR| ° r \R\ (30.0 cm )p 

convex side: R =- |R|, q = -10.0 cm 

11 2 2 v- 10.0 cm 

-=^"T _ r or -—- =7 r— [2 

p 10.0 \R\ |jR| (10.0 cm )p 

(a) Equating equations [1] and [2] gives: 

30.0 cm —p _ _ q cm or p _ i 5 o C m 
3.00 P 

Thus, her face is | 15.0 cm~| from the hubcap. 

(b) Using the above result (p = 15.0 cm) in equation [1] gives: 

J2_ _ 30.0 cm-15.0 cm J2_ 1 

\R\ (30.0 cm)(l5.0 cm) ° r |R| 30.0 cm 

and |R| =60.0 cm. 

The radius of the hubcap is | 60.0 cm ] . 

(a) We assume the object is real; thus the object distance p is positive. 
The mirror is convex, so it is a diverging mirror, and we have 

/ =-|/| =-8.00 cm. The image is virtual, so q =~\q\ ■ Since we 
also know that \q\ =p/3, the mirror equation gives 

I + 2 _ 1 

p q p p f p - 8.00 cm 

so p = +16.0 cm 

This means that the object is |16.0 cm from the mirror) . 

(b) The magnification is M = - q/p = + \q\jp = +1/3 = +0.3331 . 

(c) Thus, the image is [upright) and one-third the size of the object. 
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P36.25 (a) The image forms on a screen, so it is real and in front of the mirror, 

so q = p + 5.00 m, because p is positive. The magnification is 


P36.26 


M =- — =-5.00 or q = 5.00p 
V 


Therefore, 

p + 5.00 m = 5.00p -> p = 1.25 m 

and q = p + 5.00 m = 6.25 m. From 


1 1 _ 1 
V V 1 


1.25 m 6.25 m 


/ = +1.04 m 


The focal length is positive, so the mirror is a converging mirror: 
|concave| . 

(b) / = +1.04 m = y -» R = |2.08 m| 

(c) From part (a), p = 1.25 m; the mirror should be |l 
|object| . 

(a) The image starts from a point whose height above the mirror 
vertex is given by 

1 1 _!_ 2 _ 

p + q f R 


11 1 
3.00 m q 0.500 m 

As the ball falls, p decreases and 
when q 1 = p v When this is true. 


q = 0.600 m 

q increases. Ball and image pass 


1 1 _ 1 _ 2 
p 1 p l 0.500 m p 1 


p 1 = 1.00 m. 


which is at the focal point. 

As the ball passes the focal point, the image switches from 
infinitely far above the mirror to infinitely far below the mirror. 
As the ball approaches the mirror from above, the virtual image 
approaches the mirror from below, reaching it together when 

p 2 = q 2 = 0 . 

(b) The falling ball passes its real image when it has fallen 


Ay =3.00 m-1.00 m =2.00 m =~gt 
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Image Formation 


P36.27 


which gives t ==|0.639 s|. 

5 9.80 m/s 2 1 - -^3 

The ball reaches its virtual image when it reaches the surface of 
the mirror, which is when it has traversed 

Ay =3.00 m - 0 =3.00 m =^-gf 2 

which gives t = =| 0.782 s|. 

6 V 9.80 m/s 2 1 - 1 

(a) The flat mirror produces an image according to q = -p = -24.0 cm. 
The image is behind the mirror, with the distance from your eyes 
given by 

1.55 m + 24.0 m = | 25.6 m | 


(b) The image is the same size as the object, so 

. h 1.50 m |- 1 

e =- =—-= 0.058 7 rad 

d 25.6 m 1 - 1 

, x 1 1 1 2 

K) p q f R 


q =-0.960 m 


24 m q (-2 m) 

This image is behind the mirror, distant from your eyes by 
1.55 m +0.960 m = |2.51 m| 

(d) The image size is given by M =— =- —: 

h p 


-J =0.060 0 r 


h' =-h1 =-1.50 m| 

V 

So its angular size at your eye is 6' =^- = ^'^ m = | 0.023 9 rad| . 

(e) Your brain assumes that the car is 1.50 m high and calculates its 
distance as 



1.50 m 
0.023 9 


|62.8m| 
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*P36.28 The focal length of the mirror may be found from the given object and 
image distances as 

I-I + I 

/ V <\ 

Solving for the focal length f gives 

=J1 _ _ (l52 cm)(l8.0 cm) cm 

p +q 152 cm +18.0 cm 

For an upright image twice the size of the object, the magnification is 
M = -—= +2.00 


which gives q = -2.00p. 

Then, using the mirror equation again, y = — + — becomes 

1 1_1 _ 1 _ 2-1 _ 1 

p q p 2.00 p 2.00 p f 
_ f _16.1 cm 


2.00 2.00 


-= | 8.05 c 


Section 36.3 Images Formed by Refraction 

P36.29 The image forms within the rod. 

n 2 _n 2 -n 1 1.00 1.50 _ 1.50-1.00 

p + q R ^ 

1 


6.00 cm 12.0 cm 


(a) 

1.00 1.50 _ 

20.0 cm q 

(b) 

1.00 1.50 _ 

10.0 cm q 

(c) 

1.00 1.50 _ 

3.0 cm q 


12.0 cm 
1 

12.0 cm 
1 

12.0 cm 


q = 45.0 cm 


q = -90.0 cm 


q = -6.00 cm 


n, n, n 7 - ft, 

-L + ^- = ^ - 1 = 0 and R^oo 

p q R 

q =- — p = --—(50.0 cm) =-38.2 cm 

n tl r 1.309 
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P36.31 


P36.32 


P36.33 


Thus, the virtual image of the dust speck is 
| 38.2 cm below the top surface | of the ice. 

For a plane refracting (water) surface (R —>» 


—+ —= 2 ^ 1 becomes q =-—p 
p q R 

(a) When the pool is full, p = 2.00 m and 

HS 2 - 00 ”^ 1 - 50 ” 

or the pool appears to be |l.50 m| deep. 

(b) If the pool is half filled, then p = 1.00 m and q = - 0.750 m. Thus, 
the bottom of the pool appears to be 0.750 m below the water 
surface or |l.75 m| below ground level. 

Since the center of curvature of the surface is on the side the light 
comes from, R < 0 giving R = -4.00 cm. For the line, p = 4.00 cm; then. 


n 1+ n L , 
V q 


n 2 -Uj 
R 


1.00 1.00-1.50 1.50 


q -4.00 cm 4.00 cm 
or q = -4.00 cm 

Thus, the magnification M =y- =- j— gives 


h'=- 


, 1.50(-4.00 cm) / _ \ r——- 1 

h =— , _^(2.50 mm) = 3.75 mm 


1.00(4.00 cm) 


The water's surface has no curvature. When R^>°°, the equation 
— + — = 2 ^ 1 , which describes image formation at a single 

refracting surface, becomes q =-p^—j. We use this to locate the final 

images of the two surfaces of the glass plate. First, find the image the 
glass forms of the bottom of the plate. [From Table 35.1, for flint glass, 
n 1 = 1.66.] 


q B i =- (fiO( 8 - 00 cm ^ = ~ 6A1 cm 
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This virtual image is 6.41 cm below the top surface of the glass, or 
18.41 cm below the water surface. Next, use this image as an object and 
locate the image the water forms of the bottom of the plate. 

Cm ) =- 13 - 84 cm 

=13.84 cm below the water surface 
Now find image the water forms of the top surface of the glass. 

q 3 =-^ jW)(l2'0 cm ) =-9-02 cm 

=9.02 cm below the water surface 
Therefore, the apparent thickness of the glass is 
At =13.84 cm-9.02 cm = 4.82 cm|| 

P36.34 Refer to Figure P36.34 in the textbook. In the right triangle lying 

between 0 and the center of the curved surface, tan 6^ =h/p. In the 
right triangle lying between / and the center of the surface, tan 
d 2 =-h'/q . We need the negative sign because the image height is 
counted as negative while the angle is not. We substitute into the given 
n t tan 6, =n 2 tan 0 2 

to obtain 

n t h/p =-n 2 h'/q 

Then the magnification, defined by M = h'/h, is given by 
M =h'/h =-n 1 q/n 2 p 

P36.35 From Equation 36.8 for image formation by a single refracting surface, 

ft, w, ft, - w, 

— + — = L 
p q R 

We solve for q to find 

p[n 2 - wJ-ftjR 

In this case, n 1 = 1.50, n 2 = 1.00, p = 10.0 cm, and R = -15.0 cm. 

So the image location is 

(1.00)(-15.0 cm)(10.0 cm) _ g57cm 

q ~ (10.0 cm)(1.00 - 1.50) - (1.50)( -15.0 cm)" ^ 

| apparent depth is 8.57 cm~| 
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P36.36 


The center of curvature is on the object side, so the radius of curvature 
is negative: R =-|R| =-225 cm. 

(a) (i) p = 5.00 cm: 


n i + n 2 _ n 2 ~ Wj 

p q R 

1.333 1.000 _ 1.000-1.333 

5.00 cm q -225 cm 


q = -3.77 cm 


The image is virtual and [3.77 cm from the front wall, in the| 
[water] . 

(ii) p = 25.0 cm: 


n i + n 2 _n 2 -n 2 

v q R 

1.333 . L000 1.000-1.333 

R 


q = -19.3 cm 


25.0 cm q -225 cm 
The image is virtual and [19.3 cm from the front wall, in the] 


(b) From Problem 34, the magnification is M =——. 

n iP 


(i) 

(ii) 


M 

M 


n \q _ 1-333 (-3.77 cm) - i 

n 2 p 1.00(5.00 cm) 

_ 1.333 (-19.2 cm) _i_^ 
n 2 p 1.000(25.0 cm) L “^ J 


(c) 


The plastic has uniform thickness, so the surfaces of entry and 
exit for any particular ray are very nearly parallel. The ray is 
slightly displaced, but it would not be changed in direction by 
going through the plastic wall with air on both sides. Only the 
difference between the air and water is responsible for the 
refraction of the light. 


(d) [yS] 


(e) If p =|R|, from — + — = - 
p q 


- we have 


n x n 2 _n l — n 2 n 2 _ —n 2 

M + 7 = l^ 7 = W 
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then q =-|R|. 

If p >|R (but also p <4.00 \R \, if the image is to be virtual—see 
NOTE below), then 


P>|R| - 


trr° 


n, n 7 ft, - w 2 

7 + t~ir r 

w 2 _ ft, w 2 ft, 
q |K| \R\ p 

1 __ 2 _ 

<7 |R| + n 2 yR| p 


- = -^ + (L 333 ) 

<7 1*1 \\R\ p 




H>\r\ 


[Assuming that p <4.00|R|.] For example, if p =2\R \, 

I =_ J_ +(! 333)f -1- J_) = J_r_! A 333 '! -- 03335 

1 W 1 'lw zwj |R|l 

q =- 3 -00|R| 


2 ; 


1*1 


m =_ m= _1.333(-3.00|R|) =+200 

1.000(2|R|) 


n 2 p 

Summarizing our results: 


If p = |jR| , then q = -p = - |R|; if p > |R|, then \q\ > \R\. For example, if 
p = 2\R\, then q = - 3 .00|R| and M = +2.00. 


n , n 7 n 7 - n , 

NOTE: In the equation — + — = —-— 

P q R 


ft, —n 2 ft, - ft 2 

—, the term — 


positive because n 1 > n 2 .li the image is to be virtual, then q must be 
negative, and so the term (ft, - w 2 )/\R\ must be less than n x /p: 
n,-n 7 n, n, I . 333 

~W < 7 


v <—— 1*1 

r m-n 2 I. 333 -1.000 


R\ =4.00|R| 
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Yl yi yi — yi YL Y) 

P36.37 For a plane surface (R =oo), — + — = 2 ^ 1 becomes q =——. 

p q R 

Thus, the magnitudes of the rate of change in the image and object 
positions are related by 

\dq\ _n 2 \dp\ 

\dt\ n x | dt | 

If the fish swims toward the wall with a speed of 2.00 cm/s, the speed 
of the image is given by 

\dq\ TOO/.-- , \ i-1 

^image =|^| = ^( 2 - 00 Cm/S ) j 1-50 CHl/s | 


Section 36.4 Images Formed by Thin Lenses 

1 1 1 


*P36.38 (a) From - =- - - -- 

q f p 25.0 cm 26.0 cm 


we obtain 


q =650 cm 


The image is real, inverted, and enlarged . 


(b) From - =^~ - 1 


1 


1 


q f p 25.0 cm 24.0 cm' 


[ q ~ = ~600 cm ] - 

The image is | virtual, upright, and enlarged | . 
!f 'P36.39 (a) From the mirror-and-lens equation, 

I !_!. 1 1 _ 1 

p q f 32.0 cm 8.00 cm / 


so | / =6.40 cm | . 

(b) M=-i=-5^i^=p^250l 

p 32.0 cm ' **E*fl 

(c) Since f> 0, the lens is | converging | . 
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P36.40 


P36.41 


P36.42 


(a) From the mirror-and-lens equation. 


V d f 


20.0 cm cj (-32.0 cm) 

—> q = -1-1 = —12.3 c 

^ {20.0 32.0 J 



ANS. FIG. P36.40 

Refer to ANS. FIG. P36.40. The image distance is negative, hence 
the image is virtual; thus, it forms |12.3 cm to the left of the lens| . 

(-12.3 cm) 


(b) M =- 


20.0 cm 


- = 0.615 


(c) See the ray diagram shown in ANS. FIG. P36.40. 
The image is inverted: 


M =r= -1.80 m o 

h 0.024 0 m 


q =75.0p 


The distance from slide to screen d = p + q = 3.00 m: 
d=p+q=p+13.Op = 76.0p 


P=7 


3.00 m 


and 

(a) 


76.0 76.0 

p = 39.5 mm 
q = 75.0p = 2.96 m. 

1 1 _ 1 _ 

p q 0.039 5 m 2.96 m 


1 


/ = 0.039 0 m=|39.0 mm| 


(b) From above, p = |39.5 mm~| . 

(a) We are told that p = 5f. From the thin lens equation, — + — = -y. 

Pdf 


we have 

1 1_1 
5.00/ + q~ f 


1_1 _1 _ 4.00 

q ~ f 5.00 f ~ 5.00 f 
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Image Formation 


P36.43 


P36.44 


fxoo +1 

^ 4.00 J J 


The image distance is positive, hence the image is real. 
The image is in back of the lens at a distance of 1.25/ 
from the lens. 


(b) M =-1 =-^L =|-0.250| 

V ’ p 5.00/ 1 - 1 

(c) From part (a), the image distance is positive, hence the image is 
[real] . 

Let R , = outer radius and R 2 = inner radius: 

-=(n-1)1"—-—] =(l.50-l)|"—----1 

/ L R 1 R il L2.00m 2.50 cmj 

=0.050 0 cm' 1 


so / = | 20.0 cm \ 


Your scale drawings should look similar to those given below: 

(i) See diagram in ANS. FIG. P36.44(i). 

(a) A carefully drawn-to-scale vers ion of ANS FIG. P36.44(i) 
should yield an inverted image ^O.dLi^-ihbaiclj: offfiieljins 
and the same size as the object. 




I 

c 









(b) 

(c) 

(d) 

(e) 


ANS. FIG. P36.44(i) 

The image forms behind the lens, so the image is [real| . 
The figure shows that the image is [inverted| . 

The height of the image is the same as the height of the 
object, so | M = -1.00| . 


1 1 _ 1 1 1 

p q f 20.0cm q 


1 

10.0 cm 


-> ^ = +20.0 cm 


A positive image distance means that the image is real. 

^ ....... q +20.0 cm 

The magnification is M = - — = -= -1.00 

6 p 20.0 cm 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly i 


sible website, in whole or in part. 


























Chapter 36 705 


P36.45 


A negative magnification means that the image is inverted. 
Algebraic answers agree, and we can express values to 
three significant figures: q =20.0 cm, M =-1.00. 


(ii) 


See diagram in ANS. FIG. P36.44(ii). 



ANS. FIG. P36.44(ii) 


(a) 


(b) 

(c) 

(d) 

(e) 


A carefully drawn-to-scale version of ANS FIG. P36.44(ii) 
should yield an upright, virtual image located |10 cm in front) 
|of the lens] and twice the size of the object. 

The image forms in front of the lens, so the image is [virtual) . 
The figure shows that the image is [upright) . 

The height of the image is twice that of the object, so 

|M = +2.00| . 


1 + 1 = 1 . 1 1 _ 1 
p q f' 5.00 cm q 10.0 cm 


q = -10.0 cm 


A negative image distance means that the image is virtual. 

The magnification is M =- — = ( ^-0 cm ) _42.00 
1 p 5.00 cm 


(f) 


A positive magnification means that the image is upright. 
Algebraic answers agree, and we can express values to 
three significant figures: q = -10.0 cm, M = +2.00. 

Small variations from the correct directions of rays can 
lead to significant errors in the intersection point of the 
rays. These variations may lead to the three principal 
rays not intersecting at a single point. 


In parts (a) and (b), the images are real, so the image distances are 
positive. 

(a) q = +20.0 cm: 


1 I-I. I 1 _ 1 

P q f P 20.0 cm 10.0 cm 


p = +20.0 cm 
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P36.46 


The object distance is positive, so the object is real. 

The object is [20.0 cm from the lens on the front side| . 

(b) q = +50.0 cm: 

1111 1 1 

—I— — — : —l-—- 

p q f p 50.0 cm 10.0 cm 

p = +12.5 cm 


The object distance is positive, so the object is real. 

The object is |12.5 cm from the lens on the front side) . 

(c and d) Now, the images in parts (a) and (b) are virtual, so the image 
distances are negative. 

(c) q = -20.0 cm: 

1 1 _ 1 . I 1 _ 1 

p q f p -20.0 cm 10.0 cm 
p = +6.67 cm 


The object distance is positive, so the object is real. 

The object is [6.67 cm from the lens on the front side) . 

(d) q = -50.0 cm: 

1 1 _ 1 1 1 _ 1 
p q f p -50.0 cm 10.0 cm 

p = +8.33 cm 

The object distance is positive, so the object is real. 

The object is [8.33 cm from the lens on the front side] . 

Use the thin lens equation, —+—=—. The magnification is M . 

v q f v 


(i) p = 40.0 cm: 


1 


1 


1 


40.0 cm q -20.0 cm 
_ q _ (-13.3 cm) _ 


q = -13.3 cm 


M =- — 
V 


40.0 cm 


= -10.333 


(a) The image forms |13.3 cm in front of the lens) . 

(b) The object distance is negative, so the image is [virtual) . 

(c) The magnification is positive, so the image is [upright) . 

(d) From above, M = |+0.333) 
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P36.47 


(ii) p = 20.0 cm: 


20.0 cm 


(-10.0 cm) 
20.0 cm 


-20.0 cm 


= -10.500 


q = -10.0 cm 


M =- — = 

V 

(a) The image forms |10.0 cm in front of the lens| . 

(b) The object distance is negative, so the image is [virtual| . 

(c) The magnification is positive, so the image is |upright| . 

(d) From above, M = |+0.5001 
1 1 _ 1 

10.0 cm q -20.0 cm 
q (-6.67 cm) 


(iii) p = 10.0 cm: 


q = -6.67 cm 


M=- J - 
V 


- =50.667 


10.0 cm 

(a) The image forms [6.67 cm in front of the lens| . 

(b) The object distance is negative, so the image is [virtual| . 

(c) The magnification is positive, so the image is [upright) . 

(d) From above, M = |+0.6671 

We are looking at an enlarged, upright, 
virtual image. Therefore, M = +2 and 
not -2. Looking through the lens, you 
see the image beyond the lens. 

Therefore, the image is virtual, with 
q = -2.84 cm. 


Now, 


M =— = 

h 


: 2 —— — 



so p =-- =1.42 cm 

P 2 

A check is that p is positive, as it must 
be for a real object. 

Thus, 


R 




F 

i 1 



/= (p + ^) 


ANS. FIG. P36.47(b) 


1 


1 


I 1.42 cm (-2.84 cm) 


= 2.84 cm 
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P36.48 


P36.49 


P36.50 


From the thin lens equation, since the focal length of the lens is 
constant. 


I+I-I. 
v q f 


p 1 + q 1 = constant 


Differentiating both sides with respect to p then gives 

-lp~ 2 - lq~ 2 — =0 
dp 

dq _ q 2 
dp p 2 



We apply the lens maker's equation. The centers of curvature of the 
lens surfaces are on opposite sides, so the second surface has a 
negative radius 


(a) ±-=( n -i)\— ]=(0.440)[-— 

f L^i R i\ [ 12.°c 


1 


cm (-18.0 cm) 


/ =1 16.4 cm I 


(b) - =(0.440) -- 

/ V 'L 18 - 0 


cm (-12.0 cm] 


/ =1 16.4 cm I 


(a) 


111 

— + — = — becomes 
Pa tfa f 


ANS. FIG. P36.49 

1 1 


30.0 cm q a 14.0 cm 

111 , 1 1 1 

-1— = — becomes-1— =- 

p d q d f 20.0 cm q d 14.0 cm 

h; =hM a =/z|^j =(10.0 cm) ^ 2 ^ 3 Cm j = |-8.75 cm | 
h' =hM d =(10.0 cm )[ 20 Q Cm ) = l~ 233 cm l 


q a = 26.3 cm 


q d = 46.7 cm 
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P36.51 


(b) See ANS. FIG. P36.50(b). 



The square is imaged as a trapezoid. 

(c) The equation follows from h'/h =-q/p and 1/p + 1/q = 1//. 

Ill 111 111 

— + — = — becomes — + — =- or — =- 


\mhM\ =^1 =(10.0 


(d) 


The integral stated adds up the areas of ribbons covering 
the whole image, each with vertical dimension \h'\ and 
horizontal width dq. 


(e) We have 




=(l0.0 cm 
= 1328 cm 2 


(46.7 cm) 2 -(26.3 cm) 2 


28.0 cm 


- 46.7 cm +26.3 cm 


In — + - = -7 or p 1 + q 1 = constant, we differentiate with respect to 

Pdf 




dq _-q 2 dp 
dt p 2 dt 
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We must find the momentary image location q: 

1 1 _ 1 
20.0 m q 0.300 m 
q = 0.305 m 

Now — = m ) (5 qq m /s) =-0.001 16 m/s =1.16 mm/s. 

dt ( 20.0 m ) 2 

(a) The speed is |l.l^p||^^ 

(b) Increasing q is away from the lens, negative q is toward the lens| . 
The motion of the image is towards the lens because dq/dt is 
negative. 

P36.52 Let the object distance be p. Then the image distance is d - p. Set up the 
lens equation: 

1+I-I^ 1 1 _1 

V q f V d-p f 

Rearrange the equation to generate the following quadratic equation: 
p 2 - dp + df = 0 

Solve with the quadratic formula: 

F 2 

Substitute numerical values: 


2.00 m ±^(2.00 m) 2 - 4(2.00 m)(0.600 m) 
2 

2.00 m ±V-0.800 m 2 
2 


This expression has no real solutions. Therefore, we cannot find even 
one position between the object and the screen at which an image is 
formed on the screen. From equation [1], we see that a real value of p 
will result only if d 2 > 4 df, or d > 4 f, in which case the plus/minus sign 
in equation [ 1 ] will give us two real values for p. 


!f 'P36.53 From the thin lens equation, — + — = - 7 , we obtain 

V H f 

= _a L J4.00cm)(8.00cm) = _ g 0Q cm 
Pj - /j 4.00 cm - 8.00 cm 
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The magnification by the first lens is 

M, ( ~ 8 ' 00 cm) =-g.00 

p 1 4.00 cm 

The virtual image formed by the first lens is the object for the second 
lens, so 

p 2 =6.00 cm+1^1 = 6.00 cm+ 8.00 cm = +14.00 cm 


and the thin lens equation gives 

„ _ rA _(M .0 cm)(-16.0 cm) 
Vi ~ fi 14.0 cm - (-16.0 cm) 


-7.47 cm 


The magnification by the second lens is 


_ <h _ (-7-47 cm) _ 
2 p 2 14.0 


so the overall magnification is 

M =M 1 M 1 =(+2.00)(-(0.533) =+1.07 

The position of the final image is |7.47 cm in front of the second lens| , 
and its height is 

h' =Mh =M 1 M 2 =(+1.07)(l.00 cm) = |l.07 cm| 

Since M > 0, the final image is [upright] , and since q 2 < 0, this image is 
[virtual] . 


Section 36.5 Lens Abberations 

P36.54 Rays from a very distant object are effectively parallel, and the lens is 
diverging; therefore, the image is virtual and forms at the focal point. 

(a) The focal length of the lens is given by 

- =(n -1 =(1.53 - 1.00)f---—) 

/ \R , Rj A-32.5 cm 42.5 cm ) 

f =-34.7 cm 

Note that R , is negative because the center of curvature of the first 
surface is on the virtual image side. 

The violet image forms at | -34.7 cnT| 
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(b) For red light, 

— =(l.51- 1.00)f-----1 

/ -32.5 cm 42.5 cm J 

f =-36.1 cm 

The red image forms at | -36.1 cm~| . 

P36.55 Ray h 1 is undeviated at the plane surface and strikes the second surface 
at angle of incidence given by 



ANS. FIG. P36.55 


The angle this emerging ray makes with the horizontal is 
d 2 -0 l =0.860°. 
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The ray crosses the axis at a point farther out by (the focal length): 

r h , 0.500 cm 

=-7—-r =- t -r =33.3 cm 

J1 tan(e 2 -0 1 ) tan (0.860°) 

Because of the curved surface of the lens, the point of exit for this ray is 
horizontally slightly to the left of the lens vertex (where the principal 
axis intersects the curved surface of the lens), by the distance 

R( 1- cosflj =20.0 cm[l- cos(l.43°)] =0.006 25 cm 
Therefore, ray h 1 crosses the axis at this distance from the vertex: 

x t =f 1 -R(l-cos6 1 ) =33.3 cm-0.006 25 cm =33.3 cm 
Now we repeat the above calculation for ray h 2 : 
o f 1241cm3 


Then, 


^20.0 cm) 


l.OOsin0 2 =1.6Osm0j =(l.60)f 12 '^ l 


v 20.0 , 


6 2 =73.7° 


h 


12.0 cm 


tan(0 1 -0 2 ) tan 36.8° 
x 2 =/ 2 -R(l-cos6 2 ) 

=(l6.0 cm)-20.0 cm[l-cos(36.9°)]=12.0 cm 
Ax =x 1 - x 2 =33.3 cm -12.0 cm j== f'21.3 cm 


Section 36.6 The Camera 

P36.56 The same light intensity is received from the subject, and the same 
light energy on the film is required: 

IA, At, =IA 2 At 2 


4 1 4 

Substituting f-stops and shutter speeds. 


s =£ 


4 -« 

1125 
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solving. 


p5/_/ _ 

Bgt 

V 15 4 1.39 

1.4 


We can verify this by noting that changing the shutter speed from 

—— to —-— is approximately a factor of 8 decrease in the exposure 
15 s 125 s 

time, and requires a three f- stop increase (each increasing the area by a 
factor of 2), from f-4 down to f- 2.8, f- 2.0, and f-1.4. 

*P36.57 To properly focus the image of a distant object, the lens must be at a 
distance equal to the focal length from the film (q t = 65.0 mm). For the 
closer object: 

J^ + Jl_1 

Vi (h 7 


becomes 


1 

2 000 mm 


1 _ 

q 2 


1 

65.0 mm' 


and 


q 2 =(65.0 mm)| 


2 000 

000-65.0.' 


The lens must be moved | away from the film | by a distance 

D =q 2 - q , =(65.0 mm) — - -65.0 mm =1 2.18 mm I 

12 n o nnn_«n 1 - 1 


Section 36.7 The Eye 

P36.58 The lens should take parallel light rays from a very distant object 

(p = °°) and make them diverge from a virtual image at the woman's 
far point, which is 25.0 cm beyond the lens, at q = -25.0 cm. 

(a) P = — = — + - = —---= I -4.00 diopters I 

f p q oo 0.250 m I - - - 1 

(b) The power is negative: a [diverging lens| . 

*P36.59 The corrective lens must form an upright, virtual image at the near 
point of the eye (i.e., q = -60.0 cm in this case) for objects located 25.0 
cm in front of the eye (p = +25.0 cm). From the thin-lens equation, 

1 + 1-1 
V R f 
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*P36.60 


P36.61 


*P36.62 


the required focal length of the corrective lens is 

- = | -+42.9 cm) 


_ pq _(25.0 cm)(-60.0 cm ) 
p +q 25.0 cm - 60.0 cm 


and the power (in diopters) of this lens will be 
1 1 


diopters | 


(a) f = 


1 


1 = _ 

P -4.00 diopters 


-0.250 m = |-25.0 cm | 


(b) The corrective lens forms virtual images of very distant objects 
(p—>°°) at q=f= -25.0 cm. Thus, the person must be very 

[nearsighted] , unable to see objects clearly when they are more 
than 25.0 cm + 2.00 cm = 27.0 cm from the eye. 

(c) If contact lenses are to be worn, the far point of the eye will be 
27.0 cm in front of the lens, so the needed focal length will be 
f=q = -27.0 cm, and the power is 



- = [-3.70 diopters) 


For starlight going through a nearsighted person's glasses. 


V % / 

— +t ---r =— =-1.25 diopters 

- (-0.800 m) / F 


For a nearby object (the image is virtual), 

- +7 ---r =-1.25 nT 1 

p (-0.180 m) 

so p = | 23.2 cm~| . 

(a) When the child clearly sees objects at her far point 

(P„,„ =125 cm), the lens-cornea combination has assumed a focal 
length suitable for forming the image on the retina (q = 2.00 cm). 
The thin-lens equation gives the optical power under these 
conditions as 


P 1 _ ! | _ 1 t 1 

^ /inmeters 1.25 m + 0.020 0 m 

= +50.8 diopters 
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*P36.63 


*P36.64 


When the eye is focused (q = 2.00 cm) on objects at her near point 
(p-, =10-0 cm), the optical power of the lens-cornea combination 


P = - 


(b) 


fin meters V 1 0.100 m 0.020 0 m 

= +60.0 diopters 

Therefore, the range of the power of the lens-cornea combination 
is 1450.8 diopters <P< 60.0 diopters | . 

If the child is to see very distant objects (p —> °°) clearly, her 
eyeglass lens must form an erect, virtual image at the far point of 
her eye (q = -125 cm). The optical power of the required lens is 

1 1 . 1 « . 1 = [-0.80 0 diopters] 


P = - 


Lr 


V <1 


-0.125 m 


Since the power, and hence the focal length, of this lens is 
negative, it is | diverging] , 

(a) The upper portion of the lens should form an upright, virtual 
image of very distant objects [p ~°°) at the far point of the eye 
(q = -1.50 m). The thin-lens equation then gives f=q = -1.50 m, so 
the needed power is 

_ 1 1 


/in, 


-1.50 m 


- = -0.667 


diopters | 


(b) 


The lower part of the lens should form an upright, virtual image 
at the near point of the eye (q = -30.0 cm) when the object distance 
is p = 25.0 cm. From the thin-lens equation, 

=J3 _ _ {25.0 cm)(-30.0 cm) = ^_ 50xl()2 cm =FS ^ 
p+q 25.0 cm-30.0 cm 

Therefore, the power is P = — =---= +0.667 diopters I. 

F / +1.50 m I---1 


1.00 


1.40 

21.0 mm 


_ 1.40-1.00 
6.00 mm 


p q R 
and 0.066 7 = 0.066 7. 

They agree. I The image is inverted, real, and diminished. 
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*P36.65 (a) 


(b) 


(c) 


Section 36.8 
P36.66 (a) 


(b) 


| Yes, a single lens can correct the patient's vision^ The patient 
needs corrective action in both the near vision (to allow clear 
viewing of objects between 45.0 cm and the normal near point of 
25.0 cm) and the distant vision (to allow clear viewing of objects 
more than 85.0 cm away). A single lens solution is for the patient 
to wear a bifocal or progressive lens. Alternately, the patient must 
purchase two pairs of glasses, one for reading, and one for distant 
vision. 


To correct the near vision, the lens must form an upright, virtual 
image at the patient's near point (q = -45.0 cm) when a real object 
is at the normal near point (p = +25.0 cm). The thin-lens equation 
gives the needed focal length as 


p+q 


(25.0 cm)(-45.0 cm) 
25.0 cm - 45.0 cm 


=| -I56.3 cm] 


so the required power in diopters is 


P = 



1 

+0.563 m 


|+1.78 diopters) 


To correct the distant vision, the lens must form an upright, 
virtual image at the patient's far point (q = -85.0 cm) for the most 
distant objects (p —> °°). The thin-lens equation gives the needed 
focal length as f =q = -85.0 cm, so the needed power is 



- = |—1.18 diopters) 


The Simple Magnifyer 

Angular magnification is a maximum when the image is at the 
near point of the eye: q = 25.0 cm. From the thin lens equation: 


1 


1 


1 


p (-25.0 cm) 5.00 cm ” 

From Equation 36.24, 

,, q . 25.0 cm 25.0 cm 

p f 5.00 cm 
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Section 36.9 The Compound Microscope 

P36.67 Using Equation 36.26, 



Section 36.10 The Telescope 

P36.68 f 0 = 20.0 m, f e = 0.025 0 m 

(a) From Equation 36.27, The angular magnification produced by this 
telescope is 

m =-h = | -800 | 

(b) Since m < 0, the image is | inverted"] . 


P36.69 


Let 1 0 represent the intensity of the light from the nebula and 0 0 its 
angular diameter. With the first telescope, the image diameter h' on the 
film is given by 



h' =-0 o (2 000 mm) 


The light power captured by the telescope aperture is 


Pr =I 0 A =I 0 


/r(200 mm) 2 
4 


and the light energy focused on the film during the exposure is 


E 1 =P 1 At 1 =I 0 


7t( 200 mm) 2 
4 


(l.50 min) 


Likewise, the light power captured by the aperture of the second 
telescope is 


P 2 =I 0 A 2 


T tt( 60.0 mm) 2 
°[ 4 


and the light energy is 

I"7t( 60.0 mm)' 


E, =L 


A t 2 
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Therefore, to have the same light energy per unit area, it is necessary 
that 

Z 0 [7r(60.0 mm) 2 /4]Af 2 Z 0 [;r(200 mm ) J /4](1.50 min) 

n[d 0 (900 mm) 2 /4] n[d 0 (l 000 mmf/ 4 ] 

The required exposure time with the second telescope is 

. (200 mm ) 2 (900 mm ) 2 , » 1 „ — 7—1 

At 2 =- --ry(l.50 mm) = 3.38 mm 

(60.0 mm) 2 (2 000 mm) 1 - 1 

P36.70 (a) The mirror-and-lens equation, — + — = — , gives 

P 1 f 


. 1 = 1 _ fp 

Vf-Vp (p-/)/> p-f 


Then, 


M =— =-Q- - f— 

h p p~f 


gives h' 


, _ fh 
f-v 


(b) For p»f, f-p~-p. Then, W = - — 


(c) Suppose the telescope observes the space station at the zenith: 

^-Y^dCSimHlOOmLr^ 


Additional Problems 

P36.71 (a) For the lens in air. 



For the same lens in water. 
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Substituting, 




o 

v 1.333 ) 

u 

rJ 


By division, 

1/79.0 cm _ 0.55 f 

1//' f 1.55 A 79.0 cm 
V 1.333 ) 


f = | 267 cm | 


(b) The path of a reflected ray does not depend on the refractive 
index of the medium which the reflecting surface bounds. 
Therefore the focal length of a mirror does not change when it is 

put into a different medium: /' =y =/ = | 79.0 cm~| . 

P36.72 The real image formed by the concave mirror serves as a real object for 
the convex mirror with p = 50 cm and q = -10 cm. Therefore, 

I-I + I ^ 1 _ 1 | 1 

/ p q f 50.0 cm (-10.0 cm) 

gives f = -12.5 cm and R =2/ = |-25.0 cntj . 

P36.73 Only a diverging lens gives an upright, diminished image. Therefore, 
the image is virtual and between the object and the lens (the image is 
closer to the lens), and q < 0. We have 

d = p-\q\ = p + q, and 

so q = -M p and d = p-M p. 

d 

Therefore, p =-: 

K 1-M 

1 +1 =1 =1 | 1 _~ M +1 _(i-m) 2 

P q f P -Mp -Mp -Md 


-Md 

f (1-M) 2 


- 0.500 20.0 cm p——- 

—- = -40.0 cm 
1-0.500 1 - 


P36.74 For a single lens, an object and its image cannot be on opposite sides of 
the lens if the image is upright. The object and image must be on the 
same side of the lens; thus the image is virtual, and q < 0. Because the 
image is upright, M > 0. 
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If the image is between the object and the lens (the image is closer to 
the lens), we have 

d = p-\q\ = p + q, so q = d -p: 

M =-— so q =-Mp =d-p -> p =—-— 

P 1 r r r 1-M 


Substituting into the thin lens equation, ^ ^ = -j , gives 


1 + 1 =1 

v VWi f 


Solving, 


M 

1 _1 

_M -1 _ 

_M-If 

1-M^i 

_ (l-M) 2 

Mp 

(~MP) ~f 

Mp 

M { 

. d ) 

Md 


-Md 





—> 

; (1 -M) 2 






Since M is positive, the lens is diverging. 

If the object is between the image and the lens (the object is closer to 
the lens), the lens is converging. We have 

d=\q\-p=-q~P q=~d~p 


Substituting into the thin lens equation, ^ ^ = -j , gives 


1+ 1 =i 

v VWi f 


Solving, 


M 1 _1 _M-1 _M-li 

rM-i> 

| _(M-l) 2 

Mp + (-Mp) ~ f~ Mp M 1 

l d J 

1 Md 


Md 

^ l (m-it 

Since M is positive, the lens is converging. 
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722 Image Formation 


*P36.75 


The lens for the left eye forms an upright, virtual image at q L = 
-50.0 cm when the object distance is p L = 25.0 cm, so the thin lens 


equation 


I + I-I 

V <\ 1' 


gives its focal length as 


. Ml _ (25.0 cm)(-50.0 cm) =5Q Q 
p L +q L 25.0 cm-50.0 


Similarly for the other lens, q R = -100 cm when p R = 25.0 cm, and f R = 
33.3 cm. 


(a) Using the lens for the left eye as the objective, 

/, = 50£cm =[o5 ] 
f c 33.3 cm 1 - 1 

(b) Using the lens for the right eye as the eyepiece and, for maximum 
magnification, requiring that the final image be formed at the 
normal near point (q e =-25.0 cm) gives the object distance for the 
eyepiece as 

>25.0cm)(33.3cm) ^ 

q e - f e -25.0 cm - 33.3 cm 

The maximum magnification by the eyepiece is then 


f e 33.3 cm 

and the image distance for the objective is 
q 1 =L-p e =10.0 cm -14.3 cm =-4.28 cm 

The thin lens equation then gives the object distance for the 
objective as 

Pt -JbL- Jh* 8cm)(50.0cm) ,^ 95cm 

q 1 - /j -4.28 cm - 50.0 cm 
The magnification by the objective is then 

M, =-^L =- ( ~ 4 ' 28 cm) =+L08 
p 1 3.95 cm 

and the overall magnification is 

m =M 1 m e =(+1.08)(+1.75) = |l.90| 
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723 


*P36.76 


P36.77 


The image will be inverted. With h = 6.00 cm, we require 
h' = -1.00 mm. 

(a) M =\- =-— gives 

h p 


q = -p-— =-(50.0 mm)| 


(b) From- + - = ^ = 


60.0 mm 
1 


p q f 50.0 mm 0.833 mm 
/ = 0.820 mm [ 

(a) Start with the first pass through the lens. 


, we obtain 


q x f x p x 80.0 cm 100 cm 
gives Q, = +400 cm or 400 cm to right of the lens. 

The object of the mirror is 400 cm - 100 cm = 300 cm to the right 
of the mirror, so the object is virtual. Therefore, for the mirror, 
p 2 = -300 cm: 


1 _ 1 1 _ 1 _ 1 

q 2 fi Pi (-50.0 cm) (-300 cm) 
gives q 2 = -60.0 cm or 60.0 cm to the right of the mirror. 

The image formed by the mirror is 100 cm + 60 cm =160 cm to the 
right of the lens. Therefore, for the second pass through the lens, 
p 3 = 160 cm: 


1 _1 1 1 _ 1 

q 3 fi Vz 80-0 cm 160 cm 


or q 3 = | 160 cm to the left of lens | . 


Mi 

= _ 5 l = 

400 cm 

-_4 no A/T =- — = 

(-60.0 cm) _ 

1 

Pi 

100 cm 

rr.UU lv±2 

Pi 

(-300 cm) ” 

'~5 

m 3 

_ q 3 

160 cm _ 

S' 

II 

S 

ii 




160 cm 

=1 -0.800 1 



Ps 


1___1 



(c) Since M < 0 the final image is | inverted~| . 
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P36.78 (a) We start with the final image and work backward. From Figure 

P36.78, the final image is virtual (to left of lens 2) and X = 30.0 cm, 
so 

q 2 =-(50.0 cm-30.0 cm) —20.0 cm 


The thin lens equation then gives 

1 11 1 1 _ 1 
p 2 <h fi Pi -20.0 cm 20.0 cm 


p 2 = +10.0 cm 


The image formed by the first lens serves as the object for the 
second lens and is located 10.0 cm in front of the second lens. 


Thus, q 1 = 50.0 cm - 10.0 cm = 40.0 cm and the thin lens equation 
gives 


J_ J_ 1 _ 1 

Pi fi Pi 40.0 cm 10.0 cm 


p 1 = +13.3 cm 


The original object should be located |13.3 cm in front of the first] 
|lens]. 

(b) The overall magnification is 


/ ;%¥ V 

I f 40.0 cm] 

(-20.0 cm)] 

V Fiji Ply 

rl 13.3 cm J 

v 10.0 cm J 


=| - 6.00 | 


(c) Since M < 0, the final image is | inverted] . 


(d) Since q 2 < 0, it is | virtual | . 

P36.79 (a) With light going through the piece of glass from left to right, the 

radius of the first surface is positive and that of the second surface 
is negative according to the sign convention of Table 36.2. Thus, 

R 1 = + 2.00 cm and R 2 = -4.00 cm. Applying — + — = 2 1 to 

p q K 

the first surface gives 

1.00 1.50 _ 1.50-1.00 

1.00 cm q 1 +2.00 cm 


which yields q 1 = - 2.00 cm. The first surface forms a virtual image 
2.00 cm to the left of that surface and 16.0 cm to the left of the 
second surface. 
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P36.80 


The image formed by the first surface is the object for the second 

yi 

surface, so p 2 = +16.0 cm and — + — = 2 — 1 gives 


1.50 1.00 _ 1.00-1.50 

16.0 cm q 2 -4.00 cm 


q 2 = + 32.0 cm 


(b) 

(a) 


| 32.0 cm to the right of the second surface | 

The final image distance is positive, so the image is [real| . 


When the meterstick coordinate of the object is 0, its object 
distance is p, = 32 cm. When the meterstick coordinate of the 
object is x, its object distance is p = 32 cm - x. The image distance 


from the lens is given by the thin lens equation, — + — = — (in the 

V q f 

following, all variables are in units of cm, and units are 
suppressed). Substituting, 


1 1 _ 1 
32.0-x q ~ 26.0 


Solving for q then gives 

1 1 1 _ (32.0-x)-26.0 6.0-x 

q 26.0 (32.0-x) 26.0(32.0-x) 26.0(32.0-x) 

832-26.0x 
q 6.0-x 

The image distance q is measured from the position of the lens. 
The image coordinate on the meterstick is 

=32.0 4, =32.0 + 832 ~ 26 - te = 32.0(6.0-*)+832-26.0* 


, — jo.ua , , / • 

x =-where x and x are m centimeters. 

_ 6.0-x _ 

(b) The image starts at the position X- = 171 cm and moves in the 
positive x direction, faster and faster, and as the object 
approaches the position X = 6 cm (the focal point of the lens), the 
image goes out to infinity. At the instant the object is at X = 6 cm, 
the rays from the top of the object are parallel as they leave the 
lens: their intersection point can be described as at X 1 = °o to the 
right or equally well at X 1 = -°o on the left. From X 1 = -°o the image 
continues moving to the right, now slowing down. It reaches, for 
example, -280 cm when the object is at 8 cm, and -55 cm when 
the object is finally at 12 cm. 
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Image Formation 


P36.81 


object position (cm) 

image position (cm) 

X 

X 1 

0 

170.7 

1 

193.2 

2 

227.0 

3 

283.3 

4 

396.0 

5 

734.0 

6 

infinity 

7 

-618.0 

8 

-280.0 

9 

-167.3 

10 

- 111.0 

11 

-77.2 

12 

-54.7 


(c) 

The image moves to infinity and beyond—meaning it moves 
forward to infinity (on the right), jumps back to minus infinity 
(on the left), and then proceeds forward again. 




(d) 

The image usually travels to the right, except when it jumps 
from plus infinity (right) to minus infinity (left). 


(a) 

1 112 11 1 _ 1 1 

Pi ‘h fi R ‘h fi Pi 10-0 cm 12.5 cm 



so Q 1 = 50.0 cm (a real image, to left of mirror).This serves as an 
object for the lens (a virtual object, to left of lens) with object 
distance p 2 = 25.0 cm - 50.0 cm = -25.0 cm, so 

1 _ 1 _ 1 1 _ 1 
cj 2 f 2 p 2 (-16.7 cm) (-25.0 cm) 
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so q 2 = -50.3 cm (a virtual image), 

meaning 50.3 cm to the right of the lens. Thus, the final image is 
located | 25.3 cm to right of mirror~| . 


(b) The fin al image distance is negative (-50.3 cm), so the image is 
|virtua| . 

Calculate the overall magnification M = M t M 2 : 


M _ fa _ 50.0 cm 
1 p x 12.5 cm 


=-4.00 


M 2 =- 


q 2 _ (-50.3 cm) 
p 2 ~ (-25.0 cm) U 


Then M =M 1 M 2 =8.05. 

(c) The magnification is positive, so the image is [upright| . 

(d) From above, M =M 1 M 2 = |8.05| . 


P36.82 (a) Have the beam pass through the diverging lens first, then the 

converging lens. The rays of light entering the diverging lens are 
parallel, so they behave as though they come from an object at 
infinity (p = oo): 

I+I-I 1 , 1 _ 1 

P q f °° q -12.0 cm 

or q = -12.0 cm. 



ANS. FIG. P36.82 


Use this image as a real object for the converging lens, placing it 
at the focal point on the object side of the lens, at p = 21.0 cm. 
Then 


I + I-I _+ 1 1 _ 1 

P q f 21 cm q 21 cm 
or q = oo. 

The exiting rays will be parallel. The lenses must be 21.0 cm - 
12.0 cm = 9.00 cm apart. 
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P36.83 


P36.84 


(b) Refer to ANS. FIG. P36.82. By similar triangles, 
d 7 21.0 cm -:- 1 


(a) I = 


d l 12.0 cm L—_ 

P 4.50 W 


4 nr 2 4^(l.60xl0” 2 m) 2 


1.40 kW/m 2 


(b) I = 7 !? W \2 =1 6-91 mW/m 2 


4^r 2 (7.20 m) 2 


1 1 1 1 1 1 

(c) —l— — — :-1— —- 

p q f 7.20 m q 0.350 m 

-> q = 0.368 m 

., h' q 0.368 m 
3.20 cm p 7.20 m 

^ h' = | 0.164 cm | 

(d) The lens intercepts power given by 

P =ia =(6.91 x 10~ 3 W/m 2 )^(0.150 m) 2 J 

and puts it all onto the image where 

p (6.91 x 10~ 3 W/m 2 )[tt( 15.0 cm) 2 /4^ 
_ A ” ^(0.164 cm) 2 /4 


7=^8TW7m^ 


A hemisphere is too thick to be described 
as a thin lens. The light is undeviated on 
entry into the flat face. We next consider 
the light's exit from the second surface, 
for which R = -6.00 cm. The incident rays 
are parallel, so p = °°. 


Then, 


n 1 + n 2 _ n 2 - n-t 
p q R 



ANS. FIG. P36.84 


becomes 


n 1 1.00-1.56 

Oh— =- 

q -6.00 cm 


and | q =10.7 cm | . 
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P36.85 Use the lens makers' equation. Equation 36.15, and the conventions of 
Table 36.2. The first lens has focal length described by 



Let an object be placed at any distance p 1 large compared to the 
thickness of the doublet. The first lens forms an image according to 

J_ JL-JL 

Pi <h A 
1 _ l-w, 1 
<h R Pi 

This virtual (q 1 < 0) image (to the left of lens 1) is a real object for the 
second lens at distance p 2 = -q v For the second lens 

J_ JL-JL 

Pi <h fl 


1 _ 2m 2 - 2 1 _ 2w 2 -2 | 1 _ 2w 2 -2 | l-n x 1 

q 2 R p 2 R q 1 R R p 1 
_ 2 n 2 - n x -1 1 

~ R Vl 


1 1 2n -n -1 

Then —i— = — - - -so the doublet behaves like a single lens 

Pi q 2 R 


with 


1 _ ln 2 -n 1 -1 


/ R ‘ 

Find the image position for light traveling to the left through the lens: 


1 1 _ 1 

p q f L 


= = (0.300 m)(0.200m) =Q m m 

p - f L 0.300 m - 0.200 m 


Therefore, this image forms 0.600 m to the left of the lens. Find the 
image formed by light traveling to the right toward the mirror from an 
object distance of 1.30 m - 0.300 m = 1.00 m: 

J_ J_ _ J_ 

Pm Qm f m 
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P36.87 


P36.88 


Solving and substituting numerical values gives 


_ Pm/m _ (l-00 m)(0.500 m) =1Q() 
Pm ~ Am 1-00 m - 0.500 


This image forms at the position of the original object. Therefore, as 
light continues to the left through the lens, it will form an image at a 
position 0.600 m to the left of the lens. As a result, both images form at 
the same position and there are not two locations at which the student 
can hold a screen to see images formed by this system. 


For the first lens, the thin lens equation gives 
_ f lVl _ (-6.00 cm)(l2 .0 cm) 
^ p x - f x 12.0 cm - (-6.00 cm) 


-4.00 cm 


The first lens forms an image 4.00 cm to its left. The rays between the lenses 
diverge from this image, so the second lens receives diverging light. It 
sees a real object at distance 

p 2 = d - (-4.00 cm) = d + 4.00 cm 


For the second lens, when we require that q 2 —> °°, the mirror-lens 
equation becomes p 2 = f 2 = 12.0 cm. 


Since the object for the converging lens must be 12.0 cm to its left, and 
since this object is the image for the diverging lens, which is 4.00 cm to 
its left, the two lenses must be separated by 8.00 cm. 

Mathematically, 

d + 4.00 cm = f 2 = 12.0 cm —> d = |8.00 cm| 


For the first lens, the thin lens equation gives 

_ fiP 

P~A 


<h '■ 


We require that q 2 ^°° for the second lens; the thin lens equation 
gives p 2 = f 2 , where, in this case, 

P 2 =d~q t = d ~j^y 

Therefore, from p 2 =/ 2 , 


A p _ 

-A ■ 


d 


. Ap 
p- A 


+A 


, Ap+#-A) 

p-f i 


p[A+A)~AA 

p-A 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 



Chapter 36 731 


P36.89 The inverted image is formed by light that leaves the object and goes 
directly through the lens, never having reflected from the mirror. For 
the formation of this inverted image, we have 

M = -— = -1.50 giving q 1 =+1.50p 1 
Pi 

The thin lens equation then gives (with p and q in centimeters) 


1 1 

1 

p 1 1.50/^ 

_ mo 

1.50 1 

1 

1.50p 1 + 1.50 p x 

~ 10.0 

2.50 

1 

1.50pj 

- 10.0 

(2 50^ 

giving p, = 10 . 0 |^— 

| =| 16.7 cm 


The upright image is formed by light that passes through the lens after 
reflecting from the mirror. The object for the lens in this upright image 
formation is the image formed by the mirror. In order for the lens to 
form the upright image at the same location as the inverted image, the 
image formed by the mirror must be located at the position of the 
original object (so the object distances, and hence image distances, are 
the same for both the inverted and upright images formed by the lens). 
Therefore, the object distance and the image distance for the mirror are 
equal, and their common value is 

^mirror = Pmirror = 4 0-0 ~ Pi = 4 0-0 “ 16-7 = +23.3 


The mirror equation, 
1 


-, then gives 


/mirr or 
/mirror = 


23.3 cm 23.3 cm 23.3 cm 
23.3 cm 


- = |+11.7 cm] . 


(a) In the first situation, — + — = - 7 , and 
Pi ft / 

Pi + C h = 1-50 -» q 1 = 1.50-p 1 
where f, p, and q are in meters. 


Substituting, we have 


/ p x 1.50 -p x 
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fl —*1 


ANS. FIG. P36.90 

(b) In the second situation, — -+-= —, 

Pi <h f 

p 2 = p 1 + 0.900 m and q 2 = q 1 - 0.900 m = 0.600 m - p v 
where f, p, and q are in meters. 


Substituting, we have 


/ p 1 + 0.900 0.600 


(c) Both lens equation are equal: 
1 1 _ 1 _ 1 1 

Pi <h 1 Pi <h 


1 + 1 . 

1 + 1 

Pi 1-50-p a 

Pj +0.900 0.600 - pj 

1.50- Pj +p x 

0.600 - pj +pj +0.900 

Pi (1.50-pj 

(pj +0.900)(0.600-pj) 

1.50 

1.50 

Pi (1-50- Pi) 

”(pj +0.900)(0.600-pj) 


Simplified, this becomes 

p, (l.50 - p x ) =(p x +0.900)(0.600 - p x ) 

1.50p 1 - p* =(0.600-0.900)^ +(0.900)(0.600 )-p* 
1.80 p x =0.540 
p x = |0.300 ml 

(d) From part (a), - = — + —^-: 

/ Pi 1-50- pj 

1 _ 1 1 
/ “ 0.300 + 1.50 -0.300 
/ = | 0.240 m | 
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P36.91 (a) For the mirror, / = y = +1.50 m. In addition, because the distance 

to the Sun is so much larger than any other distances, we can take 

P = oo. 

The mirror equation, — + — = —, then gives q = f = |l.50 m in front) 
[of the mirror] . 

ci h' 

(b) Now, in M =- — =— , 

V h 

the magnification is nearly zero, but we can be more precise: 

— =0.533° is the angular diameter of the object. Thus, 

h' =--q =-^(0.533°)^^^jj(l.50 m) =-0.014 0 m 
=-1.40 cm 

and the image diameter is [1.40 cm| . 

P36.92 (a) For lens one, as shown in the top panel in ANS. FIG. P36.92, 

1 1 _ 1 
40.0 cm q 1 30.0 cm 
q 1 = 120 cm 

This real image is the object of the second lens: 1 1 = 0 2 ; it is behind 
the lens, as shown in the middle panel in ANS. FIG. P36.92, so it 
is a virtual object for the second lens. That is, the object distance is 

p 2 = 110 cm -120 cm = - 10.0 cm 
1 1 _ 1 
- 10.0 cm q 2 - 20.0 cm 


q 2 = | 20.0 cm] 


From part (a). 



M l =-^~ = 

120 cm 

-3.00 

Pi 

40.0 cm 


M 2 =-^ = 

20.0 cm 

=+2.00 

Vi 

(-10.0 cm) 


M ovraJJ =M,M 2 =pwiO 

] 
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734 Image Formation 


(c) M overa]1 <0, so final image is inverted 


(d) If lens two is a converging lens (bottom panel in ANS. FIG. 
P36.92): 


1 


1 


1 


-10.0 cm q 2 20.0 cm 


q 2 = 6.67 cm 


M 2 = 


6.67 cm 


=40.667 


(-10.0 cmj 

=m,m 2 

Again, Af overa]1 <0 and the final image is | inverted^ 



\ L 1 

h 

s 


, 



© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly i 


sible website, in whole or in part. 




























Chapter 36 735 


Challenge Problems 

P36.93 (a) For the light the mirror intercepts, the power is given by 

P =I 0 A =I 0 nR 2 a 
Substituting, 

350 W =(l000 W/m 2 )nR 2 
and R a = | 0.334 m or larger^ . 

(b) In — + - = -7 = 77 we have p —> so a =— and 

p q f R '2 

M =— 


so K =-q\ — =- 

{V) 


(9.30 mrad) 


where — is the angle the Sun subtends. 

The intensity at the image is then 
P 4LnR 2 4LR 2 


(R/2 f (9.30 xlO " 3 rad ) 2 


120 xlO 3 W/m 2 = 


_ 16(1000 W/m 2 )R 2 
R 2 (9.30 xlO " 3 rad ) 2 


So, | =0.025 5 or larger j . 

P36.94 (a) From the thin lens equation. 


‘ti fi Pi ^ cm 7.5 cm 1 
and, from the definition of magnification. 




736 Image Formation 


Then, for a combination of two lenses, 
M =M 1 M 2 : 1 =(—2)M 2 


M 2 =--=-^ ■ 

2 p 2 


p 2 2^ 2 


^ 2 = 15 cm, p 2 = 30 cm 


From the thin lens equation for the second lens, 

JL+JL-JL. 1 , 1 _ 1 

Pi tfi fi 2 ^ 2 cj 2 10 cm 
So the distance between the object and the screen is 

p x + q x + p 2 + q 2 = 2-5 cm + 15 cm+30 cm+15 cm = | 67.5 cm | 

(b) In the following, if no units are shown, assume all distances (p, q, 
and f) are in units of cm. 

For lens 1, we have —- + —- = — = - . Solve for q[ in terms of p\ : 
Pi ?i /i 5 


, 5 Pi 

q' 5 

Now we have M[ =-— = -, using [1]. From 

Pi P'i~ 5 

M' —M\M 2 =3, we have 
2 M[ 5 1 p ' 2 

*2 = ^Pl(Pl~ 5 ) 

Substitute [2] into the lens equation for lens 2, 

111 1 , i . , . 

— + — = — = --, and obtain p ? m terms of p,: 

Pi & h 10 cm' P2 Pl 

, _10(3pJ-10) 


[ 1 ] 


[ 2 ] 


[3] 


3(p;-5) 

Substitute [3] into [2], to obtain q 2 in terms of p \: 

q' 2 =2 (3p[-10) [4] 

We know that the distance from object to the screen is a constant: 
p[ + q[+P 2 + ct 2 = a constant [5] 
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Using [1], [3], and [4], and the value obtained in part (a), [5] 
becomes 

p\ + 10 (, 3 Pi ~ +2(3 p[ -10 ) =67.5 

Pl pi-5 3(p'-5) ' Fl 1 

Multiplying equation [6] by 3(p[-5), we have 

[3 (p[-5)]p[ +1 5p[ +10(3pJ-10) 

+2(3p' 1 -10)[3(p[-5)] =67.5 [3 (pi -5>] 

+30 p[ 

-100 +6(3p; 2 - 2 5p[ +50) =202 ,5p[ -1012.5 

3p; 2 +30p; -100 +i8p; 2 - isop; +300- 202.5^ +1012.5 =0 

This reduces to the quadratic equation 
21p; 2 -322.5p; +1212.5 = 0 
which has solutions p[ =8.784 cm and 6.573 cm. 

Case 1: p[ =8.784 cm 

p[ - pj =8.784 cm - 7.50 cm =1.28 cm 
From [4]: q ' 2 =32.7 cm 

.’. q' 2 - q 2 =32.7 cm -15.0 cm =17.7 cm 
Case 2: p[ =6.573 cm 

/. p[ - p 1 =6.573 cm - 7.50 cm =-0.927 cm 
From [4]: q 2 =19.44 cm 
.’. q 2 =q 2 =19.44 cm -15.0 cm =4.44 cm 
From these results it is concluded that: 

The lenses can be displaced in two ways. The first lens can be 
moved 1.28 cm farther from the object and the second lens 
17.7 cm toward the object. Alternatively, the first lens can be 
moved 0.927 cm toward the object and the second lens 4.44 cm 
toward the object. 
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P36.95 


(a) The lens makers' equation. 


1 , / 1 1 
— =(n-1)-1— 


-l)-1-, becomes: 


1 


=(n-l) 


5.00 cm 
giving n =| 1.99 |. 


9.00 cm (-11.0 cm) 


(b) As the light passes through the lens for the first time, the thin lens 

111 , 

equation, — + — = —, becomes: 

Pi <h f 


1 


1 


8.00 cm q l 5.00 cm 

giving q 1 = 13.3 cm, and =-— - 
Pi 


13.3 cm 


-1.67. 


8.00 cm 

This image becomes the object for the concave mirror with: 
p M =20.0 cm - q 1 =20.0 cm -13.3 cm =6.67 cm 

and f = — = +4.00 cm. 

J 2 


The mirror equation becomes: 
giving q t 
and 


1 


1 


1 


M, 


6.67 cm q M 4.00 cm 

10.0 cm, 

__%a_ _ 10-0 cm _ 


-1.50. 


p M 6.67 cm 

The image formed by the mirror serves as a real object for the lens 
on the second pass of the light through the lens, with 
p 3 = 20.0 cm - q M = +10.0 cm 

1 1 1 


The thin lens equation yields: 


10.0 cm q 3 5.00 cm 


and M, =- — 

P 3 


10.0 cm 

cj 3 _ 10.0 cm _ 


10.0 cm 

The final image is a real image located 
pLO.O cm to the left of the lens |. 

(c) From above, we find the overall magnification: 


M total =M 1 M 2 M 3 = -2.50 
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P36.96 


P36.97 


(d) The overall magnification is negative, so the final image is 
[irtverted| . 

(a) The object is located at the focal point of 
the upper mirror. Thus, the upper 
mirror creates an image at infinity (i.e., 
parallel rays leave this mirror). For the 
upper mirror, the object is real, and the 
111 

mirror equation, — + — = gives 

VRf 

1 1 1 

- 1 — —- 

7.50 cm q 1 7.50 cm 

—> q x ~ °° (very large) 

The lower mirror focuses these parallel 
rays at its focal point, located at the hole ANS. FIG. P36.96 
in the upper mirror. For the lower 

mirror, the object is virtual (behind the mirror), p 2 ~ —: 



1 

I- — = 

<h 


7.50 cm 
The overall magnification is 


q 2 = 7.50 cm 


.. 


7.50 cm 


Thus, the image is real, inverted, and actual size . 


(b) Light travels the same path regardless of direction, so light shined 
on the image is directed to the actual object inside, and the light 
then reflects and is directed back to the outside. Light directed 
into the hole in the upper mirror reflects as shown in the lower 
figure, to behave as if it were reflecting from the image. 

First, we solve for the image formed by light traveling to the left 
through the lens. The object distance is p L = p, so 


1 1 _ 1 111 

Vl <h k q L k v 


Next, we solve for the image formed by light traveling to the right and 
reflecting off the mirror. The object distance is p M = d -p, so 


1 , 1 _ 1 ^ 1 _ 1 1 _ Pm-/m 

Pm q M fu Vm Im Pm ImPm 

_ / mPm _ fuid ~f ‘) 
Hm Pm~ fu d-p-fm 
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If q M is positive (real image), the image formed by the mirror will be to 
its left, and if q M is negative (virtual image), the image formed by the 
mirror will be to its right; for either case, the image formed by the 
mirror acts as an object for the lens at a distance p' L : 

, , f M [d-p) _d(d-p-f M )-f M (d-p) 

-- 


We solve for the position of the final image q' L : 

1.1 3.1 d-p-f M 

q'i ft P'l k d(d-p-f M )-f M (d-p) 

For the two images formed by the lens to be at the same place, 

I _ 1 1 _ 1 _ i _ 1 

II <h A Pl II Pl 

Therefore, 

d(d-p-f M )-f M (d-p) 
d-p-fu P 

d[d~p~ f M )- fu(d-v)=p[d-p-f M ) 

d 2 -pd- f M d - f M d +f M p =pd -p 2 - f M p 
d 2 -l(p +f M )d +(l f M p +p 2 )= 0 
Solving for d then gives 

, _HP +/m)±J4p +fj -4(i)(2/mP V) 

2 ( 1 ) “ ' 


d _2(p +/ M ) ±^/4p 2 +8 f u p +4 fl -8/ M p-V 




= (f’+/M) ± /M 


Therefore, | d = p and d = p + 2 f M | . 
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lNSWERS to even-numbered problems 


P36.2 4.58 m 

P36.4 (1) 4.00 m; (2) 12.00 m; (3) 16.00 m 

P36.6 See ANS. FIG. P36.6 for the locations of the five images. 

P36.8 (a) 33.3 cm in front of the mirror; (b) -0.666; (c) real; (d) inverted 

P36.10 (a) See ANS FIG P36.10; (b) q = -40.0 cm, so the image is behind the 

mirror; (c) M = +2.00, so the image is enlarged and upright; (d) See 
P36.10(d) for full explanation. 

P36.12 (a) -26.7 cm; (b) upright; (c) 0.026 7 

P36.14 (a) +2.22 cm; (b) +10.0 

P36.16 A convex mirror diverges light rays incident upon it, so the mirror in 
this problem cannot focus the Sun's rays to a point. 

P36.18 (a) 0.708 m in front of the sphere; (b) upright 

P36.20 (a) (b) 

a — 1 a — 1 

P36.22 (a) 8.00 cm; (b) See ANS. FIG. P36.22(b); (c) virtual 

P36.24 (a) 16.0 cm from the mirror; (b) +0.333; (c) upright 

P36.26 (a) See P36.26(a) for full explanation; (b) real image at 0.639 s and 

virtual image at 0.782 s 

P36.28 8.05 cm 

P36.30 38.2 cm below the top surface 

P36.32 3.75 mm 

P36.34 See P36.34 for full explanation. 

P36.36 (a) (i) 3.77 cm from the front of the wall, in the water, (ii) 19.3 cm from 

the front wall, in the water; (b) (i) +1.01, (ii) +1.03; (c) The plastic has 
uniform thickness, so the surfaces of entry and exit for any particular 
ray are very nearly parallel. The ray is slightly displaced, but it would 
not be changed in direction by going through the plastic wall with air 
on both sides. Only the difference between the air and water is 
responsible for the refraction of the light; (d) yes; (e) If p =|R , then 
q =-p =-|R|if p >|jR| , then \q\ >|R|. For example, if p =2|R|, then 
q =-3.00|R| and M =+2.00. 

P36.38 (a) 650 cm, real, inverted, enlarged; (b) -600 cm, virtual, upright, 

enlarged 
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P36.40 

P36.42 

P36.44 


P36.46 


P36.48 

P36.50 


P36.52 

P36.54 

P36.56 

P36.58 

P36.60 

P36.62 

P36.64 

P36.66 

P36.68 

P36.70 

P36.72 

P36.74 


(a) 12.3 cm to the left of the lens; (b) 0.615; (c) See ANS. FIG. P36.40. 

(a) The image is in back of the lens at a distance of 1.25f from the lens; 

(b) -0.250; (c) real 

(i) See ANS. FIG P36.44(i): (a) 20.0 cm in back of the lens, (b) real, 

(c) inverted, (d) M = -1.00, (e) Algebraic answers agree, and we can 
express values to three significant figures: q = 20.0 cm, M = -1.00; 

(ii) See ANS. FIG. P36.44(ii): (a) 10 cm front of the lens, (b) virtual, 

(c) upright, (d) M = +2.00, (e) Algebraic answers agree, and we can 
express values to three significant figures: q = -10.0 cm, M = +2.00, 

(f) Small variations from the correct directions of rays can lead to 
significant errors in the intersection point of the rays. These variations 
may lead to the three principal rays not intersecting at a single point. 

(i) : (a) 13.3 cm in front of the lens, (b) virtual, (c) upright, (d) +0.333; 

(ii) : (a) 10.0 cm in front of the lens, (b) virtual, (c) upright, (d) +0.500; 

(iii) : (a) 6.67 cm in front of the lens, (b) virtual, (c) upright, (d) +0.667 

dq =--Ljdp 


(a) q g = 26.3 cm, q d = 46.7 cm, -8.75 cm, -23.3 cm; (b) See ANS. FIG. 
P36.50(b); (c) See P36.50(c) for full explanation; (d) The integral stated 
adds up the areas of ribbons covering the whole image, each with 
vertical dimension | h' | and horizontal width dq; (e) 328 cm 2 . 

See P36.52 for full explanation. 

(a) -34.7 cm; (b) -36.1 cm 
f/1.4 

(a) -4.00 diopters; (b) diverging lens 

(a) -25.0 cm; (b) nearsighted; (c) -3.70 diopters 

(a) 450.8 diopters <P< 60.0 diopters; (b) -0.800 diopters, diverging 

The image is inverted, real, and diminished. 

(a) 4.17 cm; (b) 6.00 
(a) -800; (b) inverted 

hf 

(a) See P36.70(a) for full explanation; (b) ——; (c) -1.07 mm 

V 

-25.0 cm 


-Md 

_ (l-M) 2 


when the lens is diverging; 


Md 

_ (M-l) 2 


when the lens is 


converging 
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P36.76 

P36.78 

P36.80 


P36.82 

P36.84 

P36.86 

P36.88 

P36.90 

P36.92 

P36.94 


P36.96 


(a) 0.833 mm; (b) 0.820 mm 

(a) 13.3 cm in front of the first lens; (b) -6.00; (c) inverted; (d) virtual 


/N , 1024-58.Ox . , ,. . 

(a) x =-where x and x is are m centimeters; (b) See 

6.0-x 

P36.80(b) for full explanation; (c) The image moves to infinity and 
beyond—meaning it moves forward to infinity (on the right), jumps 
back to minus infinity (on the left), and then proceeds forward again; 
(d) The image usually travels to the right, except when it jumps from 
plus infinity (right) to minus infinity (left). 

(a) See P36.82(a) for full explanation; (b) 1.75 times 
q = 10.7 cm 


See P36.86 for full explanation 
Af, +/J-/1/2 

p-f t 

(a) — = — H---; (b) — = 1 

Vx 1.50 -Vi f Pi+0.900 
(d) 0.240 m 


1 

0 . 600 - pj 


; (c) 0.300 m; 


(a) 20.0 cm; (b) -6.00; (c) inverted; (d) q 2 = 6.67 cm and M overall = -2.00, 
inverted 


(a) 67.5 cm; (b) The lenses can be displaced in two ways. The first lens 
can be moved 1.28 cm farther from the object and the second lens 17.7 
cm toward the object. Alternatively, the first lens can be moved 0.927 
cm toward the object and the second lens 4.44 cm toward the object. 

(a) The image is real, inverted, and actual size; (b) Light travels the 
same path regardless of direction, so light shined on the image is 
directed to the actual object inside, and the light then reflects and is 
directed back to the outside. Light directed into the hole in the upper 
mirror reflects as shown in the lower figure, to behave as if it were 
reflecting from the image. 
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Wave Optics 


CHAPTER OUTLINE 


27.1 Young's Double-Slit Experiment 

27.2 Analysis Model: Waves in Interference 

27.3 Intensity Distribution of the Double-Slit Interference Pattern 

27.4 Change of Phase Due to Reflection 

27.5 Interference in Thin Films 

27.6 The Michelson Interferometer 


|* An asterisk indicates a question or problem new to this edition.) 


lNSWERS to objective questions 


OQ37.1 


OQ37.2 


(i) Answer (a). If the mirrors do not move the character of the 
interference stays the same. 

(ii) Answer (c). The light waves destructively interfere so they are 
initially out of phase by 180°. Moving the mirror by A/2 changes 
the path difference by 2(A/2) = X, so the waves go in phase then 
back out of phase to their original phase relation. 

(i) The ranking isb>a>c = d. The angles in the interference 
pattern are small, so we can make a good approximation of their 
values: dsinO =mX —> 6 ~ mX/d. Thus for m = 1, 6 ~ X/d, which 
we estimate in each case: (a) 0.450 jL/m/400 jL/m *» 1.1 x 10“ 3 rad 
(b) 0.7 jL/m/400 jL/m = 1.8x 10“ 3 rad (c) and (d) 0.7 jlim/800 jL/m = 
0.9 x 10“ 3 rad. 

(ii) The ranking is b = d > a > c. Now we consider the distance 

y =LtanQ ~ Lsind =L[mX/d) —» y~mLX/d 


Thus for m = 1, y ~ LX/d, which we estimate in each case: 
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(a) (4 m) (0.45 jl/m/400 jL/m) « 4.5 mm; (b) (4 m)(0.7 jL/m/400 jL/m) 

~ 7 mm; (c) (4 m)(0.7 jt/m/800 jL/m) = 3.5 mm; 

(d) (8 m)(0.7 jl/m/800 jL/m) = 7 mm. 

OQ37.3 Answer (c). Underwater, the wavelength of the light decreases 

according to A water =A ajr /n water . Since the angles between positions of 
light and dark bands, being small, are approximately proportional to 
A, the underwater fringe separations decrease. 

OQ37.4 (i) Answer (c). The distance between nodes is half a wavelength. 

(ii) Answer (d). The reflected light travels through the same path 
twice because it reflects, so moving the mirror one-quarter 
wavelength, 125 nm, results in a path change of one-half 
wavelength, 250 nm, which results in destructive interference. 

(iii) Answer (e). The wavelength of the light in the film is 500 nm/2 
= 250 nm. If the film is made 62.5 nm thicker (one-quarter 
wavelength in the film), the light reflecting inside the film has a 
path length 125 nm greater. This is half a wavelength, which 
reverses constructive into destructive interference. 


OQ37.5 


Answer (d). There are 180° phase changes occurring in the reflections 
at both the air-oil boundary and the oil-water boundary; thus the 
relative phase change from reflection is zero. The condition for 
constructive interference in the reflected light is 

0 A A 

2 1 =m— —> t=m — 
n 2 n 


where m is any integer. The minimum non-zero thickness of the oil 
which will strongly reflect 530-nm light is m = 1: 


( = m A =(1 ) 

2 n 


530 nm 
2(1.25) 


=212 nm 


037.6 


OQ37.7 


Answer (a). For the second-order bright fringe, 
dsinO =2A 


sin# =2 


500 x IQ' 9 m "[ 

2.00 xl0“ 5 m J 


6 =0.050 0 rad 


(i) Answer (b). If the oil film is brightest where it is thinnest, then 
n air < n 0 <\ < n Amt glass* With this condition, light reflecting from both 
the top and the bottom surface of the oil film will undergo 180° 
phase changes. Then these two beams will be in phase with each 
other where the film is very thin. This is the condition for 
constructive interference as the thickness of the oil film 
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OQ37.8 


OQ37.9 


OQ37.10 


decreases toward zero. If the oil film is dark where it is thinnest, 
then n air < n oil > n crownglass . In this case, reflecting light undergoes 
a 180° phase change upon reflection from the top surface but no 
180° phase change upon reflection from the bottom surface of 
the oil. The two reflected beams are 180° out of phase and 
interfere destructively as the oil film thickness goes to zero. 

(ii) Yes. It should have a lower refractive index than both kinds of 
glass. 

(iii) Yes. It should have a higher refractive index than both kinds of 
glass. 

(iv) No. Its refractive index cannot be both greater than 1.66 and less 
than 1.52. 


Answer (b). With two fine slits separated by a distance d slightly less 
than A, the equation d sin0 =0 has the usual solution 0=0, but 
d sin0 =A has no solution: there is no first-order maximum. 

However, dsinO =—A has a solution: first-order minima flank the 
2 

central maximum on each side. 


(i) Answer (a). The angular position of the mth-order bright fringe 
in a double-slit interference pattern is given by dsmO m =mX. 
The distance y m of the mth-order bright fringe from the center of 
the pattern is given by y m =Ltan 0 m , where L is the distance to 
the screen. The spacing between successive bright fringes is 

Ay =y m+1 - y m =L (tan 0 m+1 - tan 0 m ) 

~ L (sin 6 m+1 - sin Q m ) 

[(m+l)-m] Q _L 

~ L — i — l ~~d l 

because the angles are small, and for small angles (in radians) 
sin0 - tan 0. As L increases, the spacing Ay increases. 

(ii) Answer (b). From our result above, we see that as d increases, 
the spacing Ay decreases. 

Answer (b). If the thickness of the oil film were smaller than half of 
the wavelengths of visible light, no colors would appear. If the 
thickness of the oil film were much larger, the colors would overlap 
to mix to white or gray. 
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NSWERS TO CONCEPTUAL QUESTIONS 


CQ37.1 A camera lens will have more than one element, to correct (at least) 
for chromatic aberration. It will have several surfaces, each of which 
would reflect some fraction of the incident light. To maximize light 
throughout, the surfaces need antireflective coatings. The coating 
thickness is chosen to produce destructive interference for reflected 
light of a particular wavelength. 

CQ37.2 Due to gravity, the soap film tends to sag in its holder, being quite 
thin at the top and becoming thicker as one moves toward the 
bottom of the holding ring. Because light reflecting from the front 
surface of the film experiences a 180° phase change, and light 
reflecting from the back surface of the film does not (see Figure 37.10 
in the textbook), the film must be a minimum of a half wavelength 
thick before it can produce constructive interference in the reflected 
light. Thus, the light must be striking the film at some distance from 
the top of the ring before the thickness is sufficient to produce 
constructive interference for any wavelength in the visible portion of 
the spectrum. 

CQ37.3 The light from the flashlights consists of many different wavelengths 
(that's why it's white) with random time differences between the 
light waves. There is no coherence between the two sources. The light 
from the two flashlights does not maintain a constant phase 
relationship over time. These three equivalent statements mean no 
possibility of an interference pattern. 

CQ37.4 Typically, a thin air film forms between the lens and the glass plate. 

Light reflecting from the upper surface of the air film (lower surface 
of the lens) can interfere with light reflecting from the lower surface 
of the air film (upper surface of the flat glass plate). The light 
reflecting from the lower surface of the air film undergoes a 180° 
phase change on reflection while the light reflecting from the upper 
surface of the air film does not. (a) Where there is negligible distance 
between the surfaces, at the center of the pattern you will see a dark 
spot because of the destructive interference associated with the 180° 
phase shift, (b) Colored rings surround the dark spot. If the lens is a 
perfect sphere and the plate is perfectly flat, the rings are perfect 
circles. On the fine scale of the wavelength of visible light, distorted 
rings reveal bumps and hollows that cause variation in the air film 
between the glass surfaces. 

CQ37.5 The waves interfere destructively at some places and interfere 
constructively at others. The total energy is not lost, it is just 
rearranged. The energy that does not go into the dark fringes is 
shifted into the bright fringes. 
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CQ37.6 


CQ37.7 


CQ37.8 


CQ37.9 


Every color produces its own double-slit interference pattern, so if 
white light is used, the central maximum is white and the first-order 
maxima are full spectra running from violet to red. Each higher- 
order maximum is in principle a full spectrum, but it can partially 
overlap with the next order maximum, so the pattern for a specific 
color is hard to distinguish. Using monochromatic light eliminates 
this problem. 

(a) Two waves interfere constructively if their path difference is 
zero, or an integral multiple of the wavelength, according to 
8 =mA, with m = 0,1,2,3,.... 


(b) 


Two waves interfere destructively if their path difference is a 

A 

half wavelength, or an odd multiple of —, described by 


<5= m + 


wi 


with m = 0,1,2,3,.... 


Each liquid forms a film which causes interference of light reflected 
off the top and bottom surfaces of the film. Since the liquids would 
have an index greater than that of air, light reflected off the top 
surface of each film would undergo a 180° phase change. When the 
films become sufficiently thin, the type of interference that occurs, 
constructive or destructive, depends on whether the reflected wave 
does or does not undergo a 180° phase change. If the index of one 
liquid is less than that of water, light reflected off the bottom surface 
of the film (off the water surface) will be shifted by 180°, so the 
overall interference will be constructive, and the film will appear 
bright. If the index of the other liquid is greater than that of water, 
light reflected off the bottom surface of the film will not be shifted, so 
the overall interference will be destructive, and the film will appear 
dark. 


Yes. A single beam of laser light going into the slits divides up into 
several fuzzy-edged beams diverging from the point halfway 
between the slits. 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 



Chapter 37 749 


Section 27.1 Young's Double-Slit Experiment 
Section 27.2 Analysis Model: Waves in Interference 

*P37.1 The angular locations of the bright fringes (or maxima) is given by 
Equation 37.2: 


Solving for m and substituting 30.0° gives 

_dsin6 _(3.20xl0“ 4 m)sin30.0° 

m I 

There are 320 maxima to the right, 320 to the left, and one for m = 0 
straight ahead at G =0. There are therefore |641 maximal - 

The location of the dark fringe of order m (measured from the position 
of the central maximum) is given by 


where m =0, ±1, ±2,... Thus, the spacing between the first and second 
dark fringes will be 

A y =(ydark) m=1 -(ydark) m ^ 


5.30 x 10 -7 m (2.00 m) 


- =3.53 x 10^ 3 m =\3 


The location of the bright fringe of order m (measured from the 
position of the central maximum) is 

dsmO= mX m = 0, ± 1, ± 2,.... 

For first bright fringe to the side, m = 1. Thus, the wavelength of the 
laser light must be 

A =dsind =(0.200 xl0” 3 m)sin0.181° 

=6.32 x 10“ 7 m = |632 nm] 

The location of the bright fringes for small angles is given by Equation 
37.7: 


P37.4 
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P37.5 


P37.6 


P37.7 


P37.8 


For m = 1, 


, y M ghi (3.40 xlO -3 m)(0.500xl0~ 3 m) ^-, 

L 3.30 m I-1 


In the equation dsinO 


inO = + 


the first minimum 


is described by m = 0 and the tenth by m = 9: 

stae =fH) =9 ' 5 f 

Also, tan0 =—. But, for small 6, sin0 ~ tand. 


3 


Thus, d 


_9.5A _93XL 
sin# y 

d 


X07- 

Source ( G \ ^ 

□ 

ANS. FIG. P37.5 


9.5(5 890 x 10 -10 m )( 2.00 m) 1 


.54 x 10 3 m = |l.54 mm] 


We use Equation 37.2, d sin 0 bnght = mX, to find the angle for the m = 1 
fringe: 

m\ (l)(l .00 x 10" 2 m) 

sm 6 h - h , = -=- 5 - =1.25 

bnght d 8.00 x 10“ 3 m 


The sine of the angle is greater than 1, which is impossible. Therefore, 
there is no m = 1 fringe on the screen whose position can be measured. 
In fact, there is no interference pattern at all, just a bright area of 
microwaves directly behind the double slit. 

We do not use the small-angle approximation s in0 « tan0 here 
because the angle is greater than 10°. For the first bright fringe, m = 1, 
and we have 


dsinO =mX =X 


and d =-^~ = . 620xl0 "* m =2 .40 x 10 ” 6 m =|240 juml 
sin0 sinl5.0° ' - ' 

(a) For a bright fringe of order m, the path difference is 8 =mX , 
where m = 0,1, 2,... At the location of the third order bright 
fringe, 

8 =mX =3(589 x 10 ~ 9 m) =1.77 x 10 ~ 6 m= | 1.77 jtto| 
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P37.9 


P37.10 


(b) For a dark fringe, the path difference is <5 = ^m + ^A, where 
m = 0,1,2,... At the third dark fringe, m = 2 and 

5 =( 2 +—] A =—(589 nm) =1.47 x 10 3 nm =11.47 /im I 


(a) For the bright fringe, 
_mAL 

3/ bright ^ 


where m = 1 
_(546.1 x!0“ 9 m)(l.20 m) _ r 


0.250 xlO" 3 m 


=2.62 x 10~ 3 m 


(b) If you have trouble remembering whether 
the equation with mA or the equation with 

m j A applies to a particular situation, 

you can remember that a zero-order bright 
band is in the center, and dark bands are 
halfway between bright bands. Thus, the 
made-up equation dsirvO ={coimt)X 
describes them all, with count = 0,1,2,... 
for bright bands, and with count = 0.5, 

1.5,2.5,... for dark bands. 

Then, for the dark bands. 


wrinry 

1 L = 1.20 ir 

\M7—*- 

Source / 


y d a 


k = ^ m + £j ; m = 0,1,2,3,... 

a= f[( i+ CH o 


IM 


ANS. FIG. P37.9 


_AL 

" d 


_ (546.1 xHT 9 m)(l.20 m) 
-i250xl0 3 m 


Ay = | 2.62 mm | 

Taking m = 0 and y = 0.200 mm in Equations 37.3 and 37.4 gives 

2 dy 2(0.400xl0" 3 m )(o. 200 x 10~ 3 m) 

L ~-=-o-=0.362 m 

A 442 x 10 -9 m 

L - I 36.2 cm I 
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Wave Optics 


*P37.11 


P37.12 


Geometric optics or a particle theory of light would incorrectly predict 
bright regions opposite the slits and darkness in between. But, as this 
example shows, interference can produce just the opposite. 



ANS. FIG. P37.10 

340jn/s_ 

2 000 Hz 

The maxima are located at dsinO =mh 

m = 0 gives 9 =0° 

„ . „ . ,(X\ . 1 1 0.170 m | 

m = 1 gives 0 =sin — =sin =29.1 

6 {dj 10.350 m/ 

m „ . 0 • -i(2A) . T2(0.170 m)l _ 0 

m = 2 gives 6 =sm —- =sin - =76.3 

6 Id) L 0.350 m J 

m = 3 has no solution, since sin0 >1. 

The minima are located at dsinO =| m +^|a: 


171 = 0 gives 

9 =sin 1 

{h) =sin "\ 

0.170 m 1 

2(0.350m)J 

m = 1 gives 

9 =sin 1 


1"3(0.170 m)l 
L2(0.350m)J 

171 = 2 has no solution, since sin0 >1. 



| We have maxima at 0°, 29.1°, and 76.3°; minima at 14.1° and 46.8° J. 

The wavelength A =— = ^^ =0.171 5 m is on the same order of 

6 / 2 000 s _1 

size as the slit separation d = 0.300 m, so we may treat this as a double¬ 
slit diffraction problem. 

(a) d sin 0 =mX so (0.300 m)sin0 =l(0.171 5 m) and 0 = ' 34.9^[ ; 

(b) dsind =mX so dsin34.9° =l(0.030 0 m) and j m \ 5.25 cm | . 
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P37.13 


P37.14 


(c) (l.OOxHT 6 m)sin34.9°=(l)A so A =572 nm. 
3.00 x 10 s m/s 


^ A 5.72 x 10" 7 m 


5.24 xlO 14 Hz 


Note, with the conditions given, the small-angle 
approximation does not work well. That is, 
sin 9, tan 9, and 9 are significantly different. We 
treat the interference as a Fraunhofer pattern. 

(a) At the m = 2 maximum, 

> 0 = 21 . 8 ° 


300m r - 


ANS. FIG. P37.13 


1000 m 


_ d sin 9 _(300 m)sin21.8° _ r - 1 

A-55.7 m 

m 2 1 - 1 


(b) The next minimum encountered is the 171 = 2 minimum, and at 
that point. 


-N 


dsm9 


which becomes d sin 9 =— A, 
2 


. n 5 A 5/55.7 

sm 9 =-=- - 1 

2d 2 ^ 300r 


-]=O.464^0=2: 
\) 

so y =(l 000 m)tan27.7° =524 m. 
Therefore, the car must travel an additional 


524 m - 400 m = 124 m 


If we considered Fresnel interference, we would more precisely 
find 

(a) A =^(V550 2 +1 000 2 m- V250 2 +1 000 2 m) =55.2 m and 

(b) 123 m. 

Location of A = central maximum, location of B = first minimum. 


So, 


Thus, 


Ay =[ju. - 1 =y{° 4) ^" 0 = l T =20 '° m ' 

AL _ (3.00m)(l50 m) 


2(20.0 m) 40.0 m 


1 11.3 m |. 
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P37.15 


P37.16 


The angle 6 of the 50th-order fringe is given by 
dsinO =mX —» 0=sin _1 ^^^j 

The distance X from the slit to the screen and the distance y of the mth- 
order fringe from the center of the central maximum are related by 

tand =—. As the student approaches the screen at speed v, the 
distances x and y decrease but their ratio stays the same. Therefore, 

tan0=— —> y =xtanO 

x 3 

— =—tan 6 =-utan 6 
dt dt 

where dy/dt is negative because the distance y shrinks. The speed of the 
fringe is 


dy „ r. 1 

= — =zitan0=utan sm 

( mV | 

dt 

u| 


Thus, the speed of the 50th-order fringe is 
^Oth-order =(3.00 m/s)tan{sin" 1 


50(632.8xl0- 9 m) 


0.300 xl0” 3 m 

= [0318 m/s | 

The angle 6 of the mth-order fringe is given by 
dsinO —mX —» 6= sin -1 ^^^ 

The distance X from the slit to the screen and the distance y of the mth- 
order fringe from the center of the central maximum are related by 

tand =—. As the student approaches the screen at speed v, the 
distances x and y decrease but their ratio stays the same. Therefore, 

tan0=— -> y =xtan0 

x 

— =—tan0 =-utan 6 
dt dt 

where dy/dt is negative because the distance y shrinks. Thus, the speed 
of the mth-order fringe is 


, =\~\ =vtan6=\ 



. t ( mV 1 

utan 

sm — 

L l d )\ 
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P37.17 


P37.18 


As shown in the figure to the right, the height of the radio telescope 
dish is h =d 2 sin#, and the path difference in the waves reaching the 
telescope is 

<5 =d 2 -d 1 =d 2 (l - sin a) 

where 

d+cc+d= 90° a =90°-20 
If the first minimum (S =A/2) occurs when 6= 25.0°, then 
a =90°-2(25.0°) =40.0°, and 

J <5 (250 m)/2 

1-sina 1-sin 40.0 


Thus, the height h =d 2 sind =350 m sin25.0° = 148 m 



For a double-slit system, the path difference of the two wave fronts 
arriving at a screen is 8 =dsinG and the phase difference is 

* = T 5= T dsin9J T d {l 


(a) For Q= 0.500°, 
, In 


d sin# 


-r(0.120xl0~ 3 m)sin(0.500°) =| 13.2 rad | 


(b) (/> 


V (500 x 10' 

2% ,(y\ 2 n _ 3 \f5.00> 

: — d\ ~ =t- 5 —v 0.120 xlO 3 m - 

A {lJ (500xlO' 9 m)' \ i: 


xlO 3 m 
20 m 


= | 6.28 rad | 
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P37.19 


P37.20 


(c) If 0 =0.333 rad = 2ndsm6 f then 


6 =sin 1 

e =Hl 27 x 10“ 2 


Mll =sin -1 

‘(500xl0- 9 m)(0.333 rad)' 

y2 nd J 

2^(0.120xlO' 3 m) 


(d) If dsirvG =—, then 
4 


; sin 1 f 


500 x 10“ 9 m 
4(0.120 xlO’ 3 m) 


0=| 5.97x10^ 


From the diagram, the path difference between rays 1 and 2 is 
d=d 1 -d 2 —d sin G^—d sin d 2 

For constructive interference, this path difference must be equal to an 
integral number of wavelengths: 

d sin 0, - d sin d 2 =mX 

sin 6^ - sin 0 2 = nt ^ _> Q 2 =sin _1 f sin G 1 - 

d y d J 



(a) 

(b) 


y =50y bright =50(4.52x10 3 m) 
(y^L 4.52x 10“ 3 


tan 0, = 


=0.226 m = |22.6 cm| 
— = |2.51x 10 3 1 
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P37.21 


(c) From (b), 0 1 =tan 1 


sin 0^ =2.51 x 10 -3 



The sine and the tangent are very nearly the same, but only 
because the angle is small. From d sin 0 bright =mX, for m = 1: 

A J^Ox^mlsinlO.^) 

1 1 '-' 

(d) From 8 =dsmO =ml for the order m bright fringe, 

0 5O =sin“ 1 ^^^j =sin“ 1 (5Osin0 1 ) =sin“ 1 [50sin(0.144°)] 


(e) y 5 =Ltan0 5 =(l.80 m)tan(7.21°) =2.26x 10' 2 m = |2.28 cm| 


(f) 


The two answers are close but do not agree exactly. The fringes 
are not laid out linearly on the screen as assumed in part (a), 
and this nonlinearity is evident for relatively large angles such 
as 7.21°. 


(a) 


The path difference 8 =d sin 6, and when L » y : 
s _yd _(l.80x 10~ 2 mjfl.SOxlO" 4 m) 

~ L ~ 1.40 m 

=1.93 x 10" 6 m = | 1.93 pm \ 


(b) 


8 

A 


1.93 x 10~ 6 m 
6.43 x 10~ 7 m 


=3.00, 


or | 8 =3.00A | 


(c) Point P will be a | maximum | because the path difference is an 
integer multiple of the wavelength. 
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P37.22 


Observe that the pilot must not only home in on the airport, but must 
be headed in the right direction when she arrives at the end of the 
runway. 


(a) 


, c 3.00 xlO 8 m/s - 1 

A =— =- - —— = 10.0 m 

/ 30.0 x 10 6 s' 1 1 - 1 


(b) The first side maximum is at an angle given by d sin# =(l)A. 
(40.0 m)sin 6 =10.0 m 6 =14.5° 


The 2.00 km is the length of the hypotenuse of a triangle with 
angle 6: 

y =Lsin# =(l 000 m)sinl4.5° = | 500 m~| 

(c) The intent is to inform the pilot which signal corresponds to the 
central maximum. The signal of 10-m wavelength in parts (a) and 
(b) would show maxima at 0°, 14.5°, 30.0°, 48.6°, and 90°. A signal 
of wavelength, say, 11.23 m, would show maxima at 0°, 16.3°, 
34.2°, and 57.3°. The only value in common is 0°. A strong signal 
for both frequencies would indicate that the airplane was 
traveling along the central maximum, thus, straight on the 
runway. If A, and A 2 were related by a ratio of small integers in 

A, n, , /, n, , . „ . 

— =—, equivalent to — =—, then the equations dsmd =n 2 A 1 

A 2 n 2 n 2 

and dsmd =n l A 2 would both be satisfied for the same nonzero 
angle. The pilot could approach on an inappropriate bearing, and 
run off the runway immediately after touchdown. 


Section 37.3 


Intensity Distribution of the 
Double-Slit Interference Pattern 


P37.23 We use Equation 37.14, 


2 ( nyd 

{ A L . 


Solving and substituting then gives 


I 


7r(6.00xlCr 3 m )(l.80x 10 -4 m) 
(656.3 x 1CT 9 m 1(0800 m) 
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P37.24 


P37.25 


P37.26 


We use trigonometric identities to write 
E 1 +E 2 =6.00 sin (IOOtt t) 

+8.00 sin(1007rt +n/2) 

=6.00 sin(100;r t ) +[8.00 sin(1007rf)cos(7r/2) 

48.00 cos(100;rf)sin(;r/2)] 
+E 2 =6.00 sin(100;r t ) +8.00 cos(100;r t ) 

and 

E r sin(100;r t + (j)) = E R sin(1007T t ) cos q + E R cos(100tt t) sin <p 
The equation E^+E 2 = E R sin(100^f + q) is satisfied if we require 
600 =£ R cosq and 8.00 =£ K sin q 
or (6.00) 2 + (8.00) 2 = £ R 2 (cos 2 q + sin 2 q) -> |£ R = 10.0| 

and tanq =sinq/cosq =8.00/6.00 =1.33 —> |q =53.1°| 

We will use Equation 37.14 for 
intensity in a double-slit interference 
pattern, which is 


I =J cos : 


|" ;rdsin0] 


For small 0, from ANS. FIG. P37.25, 



Viewing 

ANS. FIG. P37.25 


Substituting and solving gives 

A£ , I I 
y =-cos - 

Next, with / = 0.750/ max , we can substitute a value for each variable: 
_ (6.00 x 10“ 7 m )(1.20 m) 


V tt( 2.50 x 10” 3 m) 
(a) The resultant amplitude is 


- cos 1 VO.750 =1 48.0 pm I 


E r =E 0 smcot +£ 0 sin((yf +q) +£ 0 sin (cot +2 q) 


where q =—dsin0. 
A 
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Expanding, 

E r =E 0 [smcot +smcotcos(f) +coscotsm(f) 

+sin co t cos 2(f) +cos co t sin 2(f)) 
E r =E 0 (sin(yf)(l+cos0+2cos 2 ^»-l) 

+E o (cosfflf)(sin0 +2sin0cos0) 
E, =E 0 (l +2 cos 0)(sin cot cos (j) +coscotsm(/)) 

=E 0 ( 1 +2 cos (/)) sin (cot +$>) 

Then the intensity is 

J-E r 2 =E 0 2 (l+2cos«) 2 (T) 

where we have substituted the time average of sin 2 (cot +(p), 
which is i. The maximum intensity occurs at (j) =0: 

i«-Eo 2 (l+2cosO ) 2 (|)= 

Therefore, the ratio of intensity to maximum intensity is 



(b) Look at the N = 3 graph in the textbook Figure 37.7. The intensity 
is zero at two places between the relative maxima, attained where 

cos (f) =-\ The relative secondary maximum in the middle 

occurs at cosd =-1.00, where I =^ n ^[l-2] 2 

9 9 

(c) The larger local maximum happens where cos (j) = +1.00, giving 
I = ^jp-[l + 2] 2 = 7 max . The ratio of intensities at primary versus 
secondary maxima is | 9:1 | . 
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P37.27 (a) From Equation 37.14, 

2 f 7tdsmQ\ 
I cos - 

l A J 


with </> =—dsm6. This gives 


Therefore, 


I 2 f<L \ 

-=cos - 

Lx UJ 

Tore, 

0 =2 cos -1 =2cos -1 VO.640 =| 1.29 rad~] 


P37.28 In 1 =L, 


2 f Trdsin#^ 

l a J 


for angles between -0.3° and +0.3° we may 


take sin 6 = 6 (in radians) to find 

^ 2 |~ 7t(250 pm) 6 
|_ 0.546 pm 


This equation is correct assuming 6 is in radians; but we can then 
equally well substitute in values for 6 in degrees and interpret the 
argument of the cosine function as a number of degrees. We get the 
same answers for 9 negative and for 6 positive. We evaluate 


6 degrees 

-0.30 

-0.25 

-0.20 

-0.15 

-0.10 

-0.05 

0.0 

'/Lax 

0.101 

1.00 

0.092 

0.659 

0.652 

0.096 

1.00 

6 degrees 

0.05 

0.10 

0.15 

0.20 

0.25 

0.30 


I/I max 

0.096 

0.652 

0.659 

0.092 

1.00 

0.101 



TABLE P37.28 
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The cosine-squared function has maximum values of 1 at 0 = 0, at 
0 = 0.125°, and at 0 = 0.250°. It has minimum values of zero halfway 
between the maximum values. The graph then has the appearance 
shown. 


P37.29 (a) From Equation 37.9, 


(b) 


: 2nd . n 2nd y 

6 =——sin 9 =— - . - 

A A Jf+D 1 

2 nyd _2tt(o.850x 1CT 3 m)(2.50xl0" 3 m) -. 

^ ~ ~AD (600 xlCT 9 m)(2.80m) I 7-95 ^ I 

cos 2 [(^d/A)sin0] cos 2 [(f) /2) 
cos 2 [(/rd/A)sin0 max ] cos 2 mn 

2 4> 2 f 7.95 rad r-—— , 


Section 37.4 Change of Phase Due to Reflection 
Section 37.5 Interference in Thin Films 

P37.30 (a) With phase reversal in the reflection at the outer surface of the 

soap film and no reversal on reflection from the inner surface, the 
condition for constructive interference in the light reflected from 
the soap bubble is 

2t = ^m+ = ^ fn + —> 2nf = ^m+ ^A 



where m = 0,1,2,.... For the lowest order reflection (m = 0), and 
the wavelength is 

(o +1/2) 1/2 1 - 1 


(b) 


A thicker film would require a higher order of reflection, so use a| 
larger value of /n.| 
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P37.31 


P37.32 


P37.33 


(c) From (a) above, for a given wavelength, the thickness would be 
t f 1U f V 638 nm 

^ 2)In \ 2 ) 2(l.33) 

The next greater thickness of soap film that can strongly reflect 
638 nm light corresponds to m = 1, giving 

1 ^ 638 nm 


dlAJ* 


2 J 2 n l 2 ) 2(1.33) 


= |360 nm| 


and the third such thickness (corresponding to m = 2) is 

4IAJ2+-I 638 ^ 


2)2n \ 2 J 2(1.33) 


= 600 nm 


The layers are air, oil, and water. Because 1 < 1.25 < 1.33, light reflected 
both from the top and from the bottom surface of the oil suffers phase 
reversal. For constructive interference we require 

2f=^ m 

n 

and for destructive interference, 

_[m+(l/2)]^ 


Then, 


. 1 640 nm 

- = 1 + — = ——-= 1.25 and m = 2 

2m 512 nm 


Therefore, t 


_2(640nm) _ 
2(1.25) 


There are a total of two phase reversals caused by reflection, one at the 
top and one at the bottom surface of the coating. 


( IV 

( 1^ 

\ m + — \ A so 

t = \ m + - - 

l 2J 

l 2) 


The minimum thickness of the film is therefore 


Hr 


1 (500 nm 
2J 2(1.30) 


■ = 96.2 nm 


Treating the anti-reflectance coating like a camera-lens coating (two 
phase reversals caused by reflection, one at the top and one at the 
bottom surface of the coating). 


m „ f 1 

2J n { 2. 


2 t = [m + - 
(destructive interference) 
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Let m = 0. Then, 

_ A _3.00 cm 
_ 4n _ 4(l.50) 


=| 0.500 cnT| 


This anti-reflectance coating could be easily countered by changing the 
wavelength of the radar to 1.50 cm. Then the coating would exhibit 
maximum reflection! 


P37.34 (a) The film thickness is t = 1.00 x 10” 5 cm = 1.00 x 10” 7 m = 100 nm. 

Since the light undergoes a 180° phase change at each surface of 
the film, the condition for constructive interference is 

A „ 2 nt 2(l.38)(l00nm) 276 nm 

2 t=m—, or A =-=—---- =- 

n mm m 

Therefore, the wavelengths intensified in the reflected light are, 
for m = 1,2, and 3: 

A = |276 nm, 138 nm, 92.0 nm] 

(b) | No visible wavelengths are intensified^ Because m> 1, all 

reflection maxima are in the ultraviolet and beyond. 

P37.35 If the path length difference A =A, the transmitted light will be bright. 
Since A =2 d =A, 


^ _ A _ 580 nm _ 

min _ 2 2 


P37.36 (a) The light reflected from the top of the oil film undergoes phase 

reversal. Since 1.45 > 1.33, the light reflected from the bottom 
undergoes no reversal. For constructive interference of reflected 
light, we then have 

^ _ 2nf _2(l.45)(280 nm) _812 nm 
m +1/2 m +1/2 m +1/2 



ANS. FIG. P37.36 
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Substituting for m gives: 

m = 0, A 0 =1 620 nm (infrared) 
m = 1, \ =541 nm (green) 
m = 2, X 2 =325 nm (ultraviolet) 

Both infrared and ultraviolet light are invisible to the human eye, 
so the dominant color in reflected light is | green | . 

(b) The dominant wavelengths in the transmitted light are those that 
produce destructive interference in the reflected light. The 
condition for destructive interference upon reflection is 

2t =m— 
n 

. 2nt 812 nm 

or A =-=-. 

m m 

Substituting for m gives: 

m = 1, Aj =812 nm (near infrared) 
m = 2, A 2 =406 nm (violet) 
m = 3, A 3 =271 nm (ultraviolet) 

Of these, the only wavelength visible to the human eye (and 
hence the dominant wavelength observed in the transmitted 
light) is 406 nm. Thus, the dominant color in the transmitted light 
is | violet | . 

P37.37 For destructive interference in the air, 

2i = mA 

The first dark fringe occurs at the end 
where the plates meet, where 
destructive interference occurs 
because of the phase reversal caused 
by light reflecting from the top of the 
lower glass slide. For 30 dark fringes, 
including the one where the plates 
meet, m = 29 and 

_nX _29(600 nmf 
2 2 

=8.70 x 10" 6 m =8.70 jUm 



ANS. FIG. P37.37 
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P37.38 


P37.39 


The didmeter of the wire is the same as the thickness: 
d =t = | 8.70 jLfln~| 


Light waves are partially reflected and transmitted by the partially 
aluminized glass surfaces on the front and back surfaces of the filter. 
For maximum transmission, we want destructive interference between 
the waves reflected from the front and back surfaces of the film: the 
result of this interference is that most light of the H a line is 
transmitted through the filter. 

(a) If the surrounding glass has refractive index greater than 1.378, 
light reflected from the front surface of the filter (glass-filter 
interface) suffers no phase reversal and light reflected from the 
back surface of the filter (filter-glass interface) does undergo 
phase reversal. This effect by itself would produce destructive 
interference, so we want the distance down and back to be one 
A 

whole wavelength in the film: 2 1 =—. 

n 


, A 656.3 nm r——-. 

t =— =—. - r = 238 nm 


In 2(1.378) 


(b) The filter will undergo thermal expansion. As t increases in 
2 nt = A, so does | A increase"] . 

(c) Destructive interference for reflected light happens when 

2t =—: 
n 


A =nt =1.378(238 nm) = | 328 nm~| (near ultraviolet) 


Reflection off the lower glass plate causes a phase reversal. The 
condition for bright fringes is 

2f = ( m + i)n m = 0 ' l ' 2 ' 3 ' — 


From ANS. FIG. P37.39, observe that 


t =R(l-cos0) = R 



2 R 


The condition for a bright fringe becomes 



Thus, for fixed m and A, nr 2 = constant. 
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Therefore, 




ANS. FIG. P37.39 

P37.40 (a) The missing wavelength in reflected light is caused by destructive 


interference. The index of the coating (1.38) is greater than that of 
air (1.00), and the index of the glass (1.52) is greater than that of 
the coating; therefore, light waves reflected off the front and back 
surfaces of the coating undergo phase reversals. For destructive 
interference, 

2t = \m + -\- m = 0,1,2,3,... and n = 1.38 
l 2 Jn 

For the minimum thickness, m = 0: 




(Eq. 37.17), where m is an integer. (There is a phase change 
at both faces of the film in Figure P37.40.) Hence, for m = 

1,2,... we obtain thicknesses of 293 nm, 489 nm,.... 


P37.41 For total darkness, we want destructive interference for reflected light 
for both 400 nm and 600 nm. With phase reversal at just one reflecting 
surface (the bottom glass plate), the condition for destructive 
interference is 


2 n air f =mk m = 0,1,2,... . 

The least common multiple of these two wavelengths is 1 200 nm, so 
we get no reflected light at 2(1.00)t = 3(400 nm) = 2(600 nm) = 1 200 
nm, so t = 600 nm at this second dark fringe. 


By similar triangles. 


600 nm _ 0.050 0 mm 
x ~~ 10.0 cm 
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or the distance from the contact point is 


x =(600 x 10“ 9 m)[ 


J=0 


Section 37.6 The Michelson Interferometer 


P37.42 


When the mirror on one arm is displaced by M, the path difference 
changes by 2M. A shift resulting in the reversal between dark and 
bright fringes requires a path length change of one-half wavelength. 

Therefore. 2M =—-, where in this case, m = 250. 

2 

X (250)(6.328xl0- 7 m) .-. 

M =m- -' = 39.6 pm 

4 4 1 -—-I 


*P37.43 Counting light going both directions, the number of wavelengths 

. . ii . i t . , . 2L T , 2L 2 n L 

ongmally m the cylinder is m 1 =— .It changes to m 2 =— -=—-— 

^ ^l n gas 

as the cylinder is filled with gas. If N is the number of bright fringes 
passing, N =m 2 - m 1 =^(n gas -1), or the index of refraction of the gas 


NX _ (I60)(600xl0" 9 m) 

” gas _1 + H ~ l + 2(5.00xl0“ 2 m) 

Counting light going both directions, the number of wavelengths 

. . „ . , , . 2L T , 2L 2nL 

origmally m the cylinder is m, =—. It changes to m 2 =t— =—— as 

A A/Tl A 

the cylinder is filled with gas. If N is the number of bright fringes 
2 l 

passing, N =m 2 - m x =— (n- 1), or the index of refraction of the gas is 


NX 
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Additional Problems 

P37.45 The wavelength is 


a= 7 


c _3.00x 10 8 m/s _ 


60.0 xlO 6 s 


=5.00 m 


Along the line A B the two traveling waves going in opposite directions 
add to give a standing wave. The two transmitters are exactly 2.00 
wavelengths apart and the signal from B, when it arrives at A , will 
always be in phase with transmitter B. Since B is 180° out of phase with 
A , the two signals always interfere destructively at the position of A to 
form a node. 

The first antinode (point of constructive interference) is located at 
distance 

A _ 

4 


- =1 1.25 m I from the node at A 


*P37.46 


From ANS. FIG. P37.46, we note that the 
angle between the center line of the 
speakers and the corners of the room is 


0 =tan 


Ti^W.0’ 

v6.0 m ) 


ANS. FIG. P37.46 


In order for no other maxima to be 
heard, the m = 1 maximum must be 

more than 14.0° away from the central maximum. From Equation 37.2, 
the condition for constructive interference is 


dsinO, 


where V = 343 m/s is the speed of sound. Solving for f and substituting 
m = 1 and G =14.0° then gives 


f- 


X dsin0 b . ht (l.O m)sinl4.0 


(l)(343 m/s) —h 4xlp 2 Hz | 


The same source will radiate light into the sugar solution with 

A 

wavelength A n =—. In other words, the condition for bright fringes 
becomes 

A 

dsinO =mX —> dsinO =m— 
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Also, for small angles, as is the case here 
sin0 = tan0 

L 

The first side bright fringe (m = 1) is separated from the central bright 
fringe by distance y described by 


dsin0=m— —> df —1 =— 
n \L) n 

solving for y gives 


V 


nd (l.38){30.0x 10" 6 m) ' X 


m = |l.62 cm] 


P37.48 (a) Where fringes of the two colors coincide we have 

, „ . . Am' 

dsin0 =raA =ra A , requiring — =— 

A m 


(b) A = 430 nm. A' =510 nm 
m' _430 nm _43 
m 510 nm 51 


which cannot be reduced any further. Then m = 51, m' = 43. Then, 


e m 



(5l)(430xl0 -9 m) 
0.025 xl0“ 3 m 


and 

y m =Ltan0 m =(l.5 m)tan61.3° = | 2.74 m~| 

P37.49 (a) Refer to ANS. FIG. P37.49. By similar triangles, the distance X 

between consecutive like interference fringes (bright-to-bright, or 
dark-to-dark) is to the change in thickness At of the air gap as the 
entire length of a plate £ (14.0 cm) is to the diameter d of the fiber 
(equal to the thickness of the air gap at the open end of the gap): 

x_ = £ 

At d 

where, say, between consecutive destructive interference fringes 
2t = (^ m + ^A At = — 
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P37.50 


Combing the two relations gives 

x _£ 

A/2 d 

and solving for the diameter d of the fiber then gives 
_a _(l4.0xl0 “ 2 m)(650xl0~ 9 m) 

~2x 2(0.580x l0 ' 3 m) 

=7.84 x IQ ' 5 m = |78.4jLtm| 



Assume the distance between gaps is 2 cm. 

(a) Two adjacent directions of constructive interference for 600-nm 
light are described by dsinO =mA, with 0 0 =0. Then, 

dsinO =wA 

(2 x 10~ 2 m)sin 0 1 =l(600x!0“ 9 m) 


Thus, 

and 


G 1 =2 x 10~ 3 °, 
6 , - 6 n | ~ 10~ 3 


(b) We choose 0 X =20°. Then, 

( 2 x 10 “ 2 m)sin20°=(l)A 
Which gives A =7 mm. The frequency is then 


r c 3xl0 8 m/sr „ 1 

/= T= I ~ 10 U HZ | 


7 x 10 “ 3 m L 


(c) Millimeter waves are microwaves 


P37.51 Constructive interference occurs where the phases of the waves differ 
by integral multiples m of 2n\ 


f 2 nx l 
l“650~ 


-92« + -J-^ 


650 


--924^f + — =2 nm 
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P37.52 


P37.53 


which becomes 

2 n(x 1 -x 2 ) (k k 


-!)= 




x 1 -x 2 = {m - ^)650, where x 1 and x 2 are in nanometers and 
m = 0,1,-1,2,-2,3,-3,... 


A bright line for the green light requires 
d sin 6 ~ d tan 6 =m 1 A 1 

d— =m 1 X 1 
L 1 n 

Similarly, a blue interference maximum requires 

d^r =m 2 X 2 

for integers m 1 and m 2 . Thus, 

m 1 (540 nm) =m 2 (450 nm) 
m 2 _540 nm _6 
m 1 450 nm 5 

and smallest integers satisfying the equation are m 1 =5 and m 2 = 6. 
Then for both, 

d^~ =2 700 nm 


which gives 


/ =(2 700 r 


H 2 - 7 Ki! 


,4m 'l 


150 pm ) 


= |2.52 cm | 


If the center point on the screen is to be a dark spot rather than bright, 
passage through the plastic must delay the light by one-half 

wavelength. Calling the thickness of the plastic t, — + — = —— = — or 

A 2 A/71 A 


2(n-l) 


where n is the index of refraction for the plastic. 
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P37.54 


P37.55 


There is no phase shift upon reflection from the upper surface (glass to 

air) of the film, but there will be a shift of — due to the reflection at the 

2 

lower surface of the film (air to metal). 

The total phase difference in the two reflected beams is then 

<5 = 2 nt + — 

2 

For constructive interference, 8 =mX, or 
2 (1.00 )t+- =mPi 

Thus, the film thickness for the mth order bright fringe is 


L = m 


2)2 UJ 4 


and the thickness for the m - 1 bright fringe is: 

t.-, =(«-l)(f)-f 

Therefore, the change in thickness required to go from one bright 
fringe to the next is 

X 

2 

To go through 200 bright fringes, the change in thickness of the air film 
must be 


At =f -1 


200 (f 


=100A 


Thus, the increase in the length of the rod is 

A L =100A =100 (5.00 xl0“ 7 m) =5.00 xl0“ 5 m 
From AL =Lpc AT 

AL 5.00 x 10' 5 m 


we have: a = 


L ; AT (0.100 m)(25.0°C) 


= 20.0xl0^°C" 1 


Since 1 < 1.25 < 1.34, light reflected from top and bottom surfaces of 
the oil undergoes phase reversal. The path difference is then 2 1, thus 

2 f 
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for maximum reflection, with m = 1 for the given first-order condition 
and n = 1.25. So 

ml 1(500 ran) 


2(1.25) 


The volume we assume to be constant: 

1.00 m 3 = (200 nm )A 
The area is then 


1.00 m 3 


(200 xlO' 9 


r =5.00 x 10 6 m 2 = 5.00 km 2 


P37.56 The interfering waves travel either along the hypotenuses or the bases 
of the right triangles. The total length of the two bases is 15.0 km. The 
condition for destructive interference for minimum height h is 

2^(l5.0xl0 3 m) 2 +h 2 - 2(l5.0 x 10 3 m) = A/2 =175 m 

2^(l5.0xl0 3 m) 2 +h 2 =30.175 x 10 3 m 


h =1.62 x 10 3 m =| 1.62 km| 



ANS. FIG. P37.56 


P37.57 


We may treat this problem as a double slit experiment where the 
second slit is the mirror image of the source, 1.00 cm below the mirror 
plane; however, we must remember that the light undergoes a 

— phase shift at the mirror, so light and dark fringes are interchanged 


in the interference pattern. Thus, for destructive interference, the path 
length must differ by mA. For dark for the first dark fringe (modifying 
Equation 37.7), we have 


wAL _l(5.00xl0“ 7 m)(l00 m) 
~d (2.00xlO" 2 m) 


= | 2.50 mm | 


P37.58 From Equation 37.14, for wavelength \ =600 nm, 


=A, cos -1 (— I =(600 nm)cos _1 (0.810) 1/2 =271 nm 
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P37.59 


P37.60 


For the same y, d, and L, let X 2 be the wavelength for which 
=0.640 

12, max 


Then, 


_ nyd/L 


'M, 


cos 1 (0.640 j 1. 


f = | 421 r 


Note that in this problem, cos' 



must be expressed in radians. 


As with any air gap between glass plates, light reflecting off the lower 
plate undergoes a phase reversal. Thus, for the mth-dark fringe after 
the first fringe (m = 0), with the gap filled with air: 

2 nt = m7 

where n = 1.00 and m = 1,2,..., 84. So, at the widest edge of the wedge. 


When submerged in water, 

2 nt =raA 

= 2(133|(42)A] =iii7=iii 

So, counting the first fringe (m = 0), the total number of fringes is 
m +1 = | 112 dark fringes | 


Refer to Figure P37.60. Call t the thickness of the sheet. With the sheet in 
place, the central maximum corresponds to zero phase difference. Thus, 
the added distance 8 traveled by the light from the lower slit introduces 
a phase difference equal to that introduced by the plastic film sheet. Call 
the original length of the path from the upper slit to the screen D; then, 
the original number of wavelengths along distance D are 



where A n is the wavelength in air. With the plastic sheet in the path, 
the number of wavelengths changes to 


D-t + t _D-t + t _D-t+nt _D+[n-l)t 

A a Ap A fl A a /n A fl A fl 
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P37.61 


where \ is the wavelength in plastic. The phase difference introduced 
by the plastic sheet is 

^0—O^.jAT AT 1 -O^-l ^ ' V" ■*■/•' ^ | 


The corresponding difference in path length <5 is 


Note that the wavelength of the light does not appear in this equation. 
In the figure, the two rays from the slits are essentially parallel. 

Thus the angle 6 may be expressed as 


. 8 (n-l)f 

sm@ - = — 


6 =sin 


d 


The height y of the central maximum is given by 

— =tan0 
L 


from which we obtain 

y 


Ltanj sin 1 

r(n-l)fll 

rl 1 

l 

L a JJ 


[n - l)Lt 


~4<P-(n- W? 


From Figure P37.61, observe that the distance that the ray travels from 
the top of the transmitter to the ground is 


it 

=^(35.0 m) 2 +^ 5 °^ m j =a/ 1850 m 2 =43.0 m 

Including the phase reversal due to reflection from the ground, the 
total shift between the two waves (transmitter-to-ground-to-receiver 
and transmitter-to-receiver) is 


8 = 2x H- d 

2 


For constructive interference. 


2x-\ - d = mA —> A = 

2 


2 x-d 
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P37.62 


and for destructive interference 


2x H- d — \ TYl ~\— | X ■ 


(a) The longest wavelength that interferes constructively is, for m = 1, 


_ 2 x-d 

= H) 


=14*-2 d =Wl850 m 2 -2(50.0 m) =[7Z0 ml 


(b) The longest wavelength that interferes destructively is, for m = 1, 
1 

From Figure P37.57, observe that the distance that the ray travels from 
the top of the transmitter to the ground is 


=2^1850 m 2 - 50.0 m = |36.0 m| 




V4 h 2 + d 2 


Including the phase reversal due to reflection from the ground, the 
total shift between the two waves (transmitter-to-ground-to-receiver 
and transmitter-to-receiver) is 

8 = 2x + --d 
2 

For constructive interference, 

„ A , , . 2 x-d 

2x + — d = mX A = t 7-7 

2 (-1) 

and for destructive interference 


2x-\ - d = \ m + — A • 


A = 


2 x-d 


(a) The longest wavelength that interferes constructively is, for m = 1, 

A = 2 * = 4x - 2 d = — 2 d = |2V4 h 2 +d 2 -2d\ 

v _ 2 J 

(b) The longest wavelength that interferes destructively is, for m = 1, 

A= 2x^ d = l^/4/p +d 2 -d\ 
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P37.63 (a) There is a phase reversal by reflection at the flat plate. 

Constructive interference in the reflected light requires 



The first bright ring has m = 0 and the 55th has m = 54, so at the 
edge of the lens 

( 1U . A >650xlCT 9 m „„„ 
t =1 m H-— J — =(54.5)---=17.7 pm 

Now from the geometry in textbook Figure P37.59, we can find 
the distance t from the curved surface down to the flat plate by 
considering distances measured from the center of curvature: 

yjR 2 -r 2 =R-t or R 2 -r 2 = R 2 -2Rt + t 2 


Solving for R gives 

n _ r 2 +t 2 _(5.00xl0- 2 m) 2 +(l.77xl0~ 5 m) 2 
2 1 2(l.77xl0 -5 m) 


=| 70.6 m | 


(b) 


/1 

1 ' 

1 1 ) 

— 

=0.520 

\ R 2 

R 2, 

I,- -70.6 m J 


/ =| 136 m | 


P37.64 


Reflection off the top surface of the wedge produced a phase reversal, 
but light reflecting off the bottom surface produces no phase change. 
Thus, a first dark fringe occurs at the thin end of the wedge. For bright 
fringes in the thin film, the thickness is given by Equation 37.17: 


t = 



A 


2 n 


The first fringe corresponds to m = 0, the second to m = 1, etc.; so the 
N th fringe corresponds to N = m + 1. 

To find how many fringes are present, we solve for m by setting t = h: 

,1 2 nt 2 nh 2(l.50)(l.00xl(r 3 m) ^ 

2 A A (632.8 x 10“ 9 m) 

.-. m =4 740 

So, the number of fringes is N = m + 1 = 4 741. This number is less than 
5000. 
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P37.65 Light reflecting from the upper interface of the air layer suffers no 


phase change, while light reflecting from the lower interface is 
reversed 180°. Then there is indeed a dark fringe at the outer 
circumference of the lens, and a dark fringe wherever the air thickness 
t satisfies 


2 t = mx, m = 0,1,2,.... 



ANS. FIG. P37.65 

(a) At the central dark spot, m = 50 and 



=25(589xl0“ 9 m) =1.47x 1(T 5 m = | 14.7 jLflnJ 
(b) In the right triangle, 

R 2 =r 2 +(R-t 0 f 

(8.00 m) 2 =r 2 +(8.00 m-1.47xl0~ 5 m f 
l8De<£u£ =r 2 +'(8Dfrm 1 £ 

-2(8.00 m)(l.47xl0“ 5 m)+2.16xlO~ 10 m 2 
r 2 =2(8.00 m)(l.47xl0~ 5 m)-2.16xlO“ 10 m 2 
The last term is negligible. Then, 

r =^2(8 m)(l.47x 10~ 5 m) =1.53xlO" 2 m = | 1.53 cm | 


(c) 



| / =-16.0 m 
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P37.66 


P37.67 


The shift between the waves reflecting from 
the top and bottom surfaces of the film at 
the point where the film has thickness t is 

A A 

S = 2tn„ + —, with the factor of — being 
2 2 

due to a phase reversal at one of the 
surfaces. 

For the dark rings (destructive interference), 
the total shift should be <5 = ^m + ^A with 
m = 0 , 1, 2 , 3 , ... . This requires that 

t = -. To find t in terms of r and R , 

2n nim 

R 2 =r 2 +[R - 1) 2 —» r 2 =2Rt +t 2 



ANS. FIG. P37.66 


Since t is much smaller than R , t 2 « 2Rt, therefore 



Thus, 



where m is an integer. 


Refer to the solution of P37.57. We may treat this as a double-slit 
interference problem, where d = 2/7, but with maxima and minima 
interchanged because of phase reversal caused by the reflection off the 
mirror: 

dsin# = 2/zsin# = ^m+ ^A bright fringe 


and sin# = tan# =^~ for small angles; 


hence. 


2/? sin# = 



A 



The spacing between consecutive fringes corresponding to m and m + 1 
is 


2 h 



=A 
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so 


. U _(2.00 m )(606xl0' 9 m) 
2Ay 2(l.20xl0“ 3 m) 


=5.05 x 10 4 m = | 0.505 mm j| . 


P37.68 (a) For a linear function taking the value n = 1.90 at y = 0 and n = 1.33 

at y = 20.0 cm, we write 

n(y) = 1.90 + (1.33 - 1.90)y/(20.0 cm) 

or | n(y) =1.90-0.0285 y/cm| 

(b) The optical path length is 


C cm n{y)dy =J 0 2 °° “[1.90 - 0.0285y/cm]dy 



=38.0 cm - 5.7 cm = |32.3 cm| 


(c) A wavefront slows down as it travels deeper into the mixture to 
regions of greater index of refraction. The lower part of the 
wavefront travels more slowly than the upper part; the result is 
that the wavefront bends, becoming more horizontal. The path is 
similar to that of a beam crossing the boundary between a 
medium of lesser to a medium of greater index of refraction, as, 
for example, from air into water: the beam tends to bend toward 
the normal. The difference is that the change in direction is 
gradual rather than sudden. [The beam will continuously curve) 
[downward.) 


P37.69 One radio wave reaches the receiver R directly from the distant source 
at an angle 6 above the horizontal. The other wave undergoes phase 
reversal as it reflects from the water at P . The distance from P to R is 
the same as from P to R', where R ' is the mirror image of the telescope. 
Therefore, the path difference is d. 



/ft- 20 m 


ANS. FIG. P37.69 
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P37.70 


Constructive interference first occurs for a path difference of 



The angles 0in the figure are equal because they each form part of a 
right triangle with a shared angle at R 
So the path difference is 

d =2(20.0 m)sin0 =(40.0 m)sin0 


The wavelength is 



3.00 x 10 8 m/s 
60.0 x 10 6 Hz 


=5.00 m 


Substituting for d and X in equation [1], 
(40.0 m)sin0 = 5-00 m 


Solving for the angle 9, 

J 5.00 m / _|- 

Uo.OmJ” 


6 =sin 1 


One phase reversal occurs by reflection off the front of the soap film, 
(a) Bright bands are observed when 2 nt = ^ j X . 


Hence, the first bright band (m = 0) corresponds to nt =- 


By similar triangles, the distance X from the top where a fringe 
occurs is proportional to the thickness t of the film: 

_tj_ 

x 2 t 2 

Thus, we have 


=*,[‘-A =x ,(f 1 =(3.00 cm)f =[486^7 


^420 nm 


i= 420nm = ^ 
W 1 4n 4(1.33) I- 


X 2 680 nm r——-1 

t 7 =— =—. -r = 128 nm 

2 4 n 4(1.33) 1 - 1 
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(c) 


6 ~ tan# =— 

x 1 


78.9 nm 
3.00 cm 


2.63 x 10~ 6 rad~| 


Challenge Problems 

P37.71 Refer to ANS. FIG. P37.71 for the geometry of the situation. At the air- 
film interface, Snell's law gives 

1.00sin30.0° =1.38sin0 2 -> 0 2 =21.2° 



ANS. FIG. P37.71 


Call t the unknown thickness of the film. Then, 

t * 


tan 21.2°=- 
t 


cos 21.2° 
c =t tan 21.2° 


sin0 1 =— —> b =2t(tan21.2°)(sin30.0°) 

2c 

The net shift for the second ray, including the phase reversal on 
reflection of the first, is 

„ i A 
Ion -b - 


where the factor n accounts for the shorter wavelength in the film. For 
constructive interference, we require 

2 an — b~— =mA, 

2 

The minimum thickness will occur when m = 0 and will be given by 

2 an -b-—= 0 
2 


Then, 

- =2an-b=2—— -2t(tan21.2°)(sin30.0°) 

2 cos 21.2° 
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P37.72 


and 590 nm J 2 ( L38 ) 2 (tan21.2 o )(sin30.0°)lf =2.5 7t 

2 [cos 21.2° J 

which gives t =| 115 nm]. 

A 

The shift between the two reflected waves is 8 =2 m -b -, where a 

2 

and b are as shown in the ray diagram in ANS. FIG. P37.72, n is the 
index of refraction, and the term — is due to phase reversal at the top 

surface. For constructive interference, 8 =mA,, where m has integer 
values. This condition becomes 



ANS. FIG. P37.72 


[ 1 ] 


From the figure's geometry, 
t 

a =- 

cos 6 2 


c =flsin(9 2 : 
b =2csin (9, 


t sin0 2 
cos 0 2 
_ 2t sin 0 2 
cos 0 2 


sin 0, 


Also, from Snell's law, sin 6 1 =n sin 0 2 . 


Thus, 


2nfsin 2 0 2 
cos 0 2 


With these results, the condition for constructive interference given in 
equation [1] becomes: 



2nt sin 2 6 2 
cos 6 2 


A 


2 nt 
cos 6 2 



A 
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P37.73 


^/l-sin 2 0 2 


sin"0 2 = ^m + — JX 


Using sin0, =nsm0 2 


sin 0 2 =sin OJn, we have finally 


2ntjl - - S ^ n 2 ^ = [m + A, where 777 = 0,1,2,. 


(a) Minimum: 2nt =mX 2 for m = 0,1,2,... 

Maximum: 2 nt = ^ m' + ^j A 1 for m' = 0,1,2,... 

Note that m and m' are distinct integer values, and must be 
consecutive because no intensity minima are observed between 
\ and X 2 . 

Also, Xy > ^ —> ^m' + ^ j < m, so m' = m - 1 . 

Thus, we have 

2 nf =771^2 =^77/' =|^(w-l) +^-JAj 

™X 2 1 

2t7zA 2 = 2mXy - A 1 

80 

^ 500 nm „ , , 

(b) m =—7 -v =1.92 —> 2 (wavelengths measured to 

2(500nm-370nm) 

±5 nm) 

Minimum: 277f =ttzA 2 

2(1.40)t = 2(370 nm) t = 264 nm 

Maximum: 277f = ^ 777 ' + ^jA = ^ 777 -l + ^jA = 1.5A 

2(1.40)t = 1.5(500 nm) —> t = 268 nm 
Film thickness = | 266 nm~| 
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P37.74 


The amplitude of the light from slit 1 is three times that from slit 2; 
therefore, the magnitude of the light arriving at the screen at some 
point P is 

E p =E 1 +E 2 =3E 0 sm[cot) +E 0 sm[cot +$) 

=E 0 [3 sin cot +sm(cot +0)] 

— =3 sin [cot) +sin (cot +cj)) 

£ 0 

=3sin(«f) +[sin((yf )cos(^») +cos((yf )sin(^)] 
=sin(«f)[3 +cos(^»)] +cos((yf)sin(0) 


The square of this expression is 

2 

=sm 2 [cot)\_3 +cos(</>)] 2 


+2sm[o)t)cos[o)t )[3 +cos(0)]sin(^») 
+cos 2 (fflf)sin 2 (0) 



=sin 2 (fflt)[3 +cos(^)] 2 +sin(2(9f)[3 +cos(^»)]sin(0) 


+cos 2 (fflf)sin 2 (0) 


and the time average of this expression is 

(f 1 ) = \\- 3 +cos W 2+ \ sin2 ( ( t>) 

= ~\y +6cos [(/)) +cos 2 [(f)) +sin 2 (^)] =i[lO +6cos(0)] 

because the time average of sin 2 [cot) and cos 2 [cot) is ^, and the time 
average of sm[2cot) is zero. Using the identity 


cos ( 0 ) =cos ^ +^j =2 cos 2 -1 

we have 



=|[10 +6cosW] =|[l0 +6^2cos 2 (£)-1 jJ 

4[ 4+iw ®H 1+w (i)] 
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P37.75 


Intensity is proportional to the time average of the square of the 
amplitude, so 



At the central maximum, (j) = 0, so the maximum intensity is 
I max °c 2E 2 [l +3cos 2 (0)] =2E 2 (4) =8E 2 
Thus, we have 



Represent the light radiated from each slit to 
point P as a phasor. The two have very nearly 
equal amplitudes E. Since intensity is 
proportional to amplitude squared, we are told 
they add to amplitude V3E. As shown in the 
figure, the triangle representing the sum of 
phasors may be divided into two right triangles 



E 


ANS. FIG. P37.75 


whose common side that bisects the line of length V3E. From either 
triangle, we see that 


cos 6 = 


V3E/2 

E 


6 =30° 


Next, the obtuse angle between the two phasors is 180 - 30 - 30 = 120°, 
and so (j) =180 -120° =60°. 

The phase difference between the two phasors is caused by the path 

difference from S to the slits, 8 =SS 2 - SSi, according to ^ ^ o , 

A 360 


8=7— =— . Then 
360° 6 


7 

6 


E 2 + d 2 = L 2 + 


2 L7 
6 


7 j2 2L7 

-> d = - 

36 6 


36 
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P37.76 


The last term is negligible, so 
d 


f 2UV /2 |2(1.2 m)(620xl0- 9 m) .-, 

(—J i-—- 6 — 

For bright rings the gap t between surfaces is given by 2t = ^rn + A. 

The first bright ring has m = 0 and the hundredth has m = 99. 



So, t =^-(99.5)(500 x 1(T 9 m) =24.9 pm 

Call r b the ring radius. From the geometry shown in ANS. FIG. P37.76, 

=- r F&f- R+R F5J 

Since r b « r, we can expand in binomial series: 

2r 2 J l 2 R 2 J 2 r 2 R 

= |l.73 cm| 


f J 2* f- 

2(24.9 x 10 -6 m) 

6 LVr-yR} 

1/4.00 m-1/12.0 m 
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JMSWERS TO EVEN-NUMBERED PROBLEMS 


P37.2 

P37.4 

P37.6 

P37.8 

P37.10 

P37.12 

P37.14 

P37.16 

P37.18 

P37.20 

P37.22 

P37.24 

P37.26 

P37.28 

P37.30 

P37.32 

P37.34 

P37.36 

P37.38 

P37.40 


3.53 mm 
515 nm 

The sine of the angle for m = 1 fringe is greater than 1, which is 
impossible. 

(a) 1.77 jtim; (b) 1.47 jL/m 

36.2 cm 

(a) 34.9°; (b) 5.25 cm; (c) 5.24 x 10 14 Hz 

11.3 m 

. _ x f mA 
Sm [~d~ 

(a) 13.2 rad; (b) 6.28 rad; (c) 1.27 x 1CT 2 deg; (d) 5.97 x 1CT 2 deg 

(a) 22.6 cm; (b) 2.51 x 1CT 3 ; (c) 6.03 x 10“ 7 m; (d) 7.21°; (e) 2.28 cm; (f) The 
two answers are close but do not agree exactly. The fringes are not laid 
out linearly on the screen as assumed in part (a), and this nonlinearity 
is evident for relatively large angles such as 7.21°. 

(a) 10 m; (b) 500 m; (c) See P37.22(c) for full explanation. 

E r = 10.0 and p= 53.1° 

(a) I = I ^l + 2cos[ 2nd * me ^ ; (b) See P37.24(b) for full 
explanation; (c) 9:1 
See ANS. FIG. P37.28. 

(a) 638 nm; (b) A thicker film would require a higher order of 
reflection, so use a larger value of m; (c) 360 nm, 600 nm 

96.2 nm 

(a) 276 nm, 138 nm, 92.0 nm; (b) No visible wavelengths are intensified. 

(a) green; (b) violet 

(a) 238 nm; (b) A increase; (c) 328 nm 

(a) 97.8 nm; (b) Yes. Destructive interference occurs when 

2 nt = (m + ^)A (Eq. 37.17), where m is an integer. (There is a phase 

change at both faces of the film in Figure P37.40.) Hence, for m = 1, 2,... 
we obtain thicknesses of 293 nm, 489 nm,... 
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P37.42 

P37.44 

P37.46 

P37.48 

P37.50 

P37.52 

P37.54 

P37.56 

P37.58 

P37.60 

P37.62 

P37.64 

P37.66 

P37.68 

P37.70 

P37.72 

P37.74 

P37.76 


39.6 jL/m 



1.4 x 10 2 Hz 

(a) See P37.48(a) for full explanation; (b) 2.74 m 

(a) ~10” 3 degree; (b) ~10 n Hz; (c) microwaves 

2.52 cm 

20.0 x 10 -6 °C' 1 

1.62 km 

421 nm 


y =Ltan 


| sin 1 - 


d 


(n - 1 )Lt 
\[d 2 - (n - lft 2 


(a) 2y/4h 2 +d 2 -2d; (b) V4/i 2 +d 2 -d 

The number of fringes is N = m + 1 = 474 1. This number is less than 
5 000. 



(a) n(y) = 1.90 - 0.0285 y/cm; (b) 32.3 cm; (c) The beam will 
continuously curve downward. 

(a) 4.86 cm; (b) 78.9 nm, 128 nm; (c) 2.63 x 10 -6 rad 

2ntjl - 2 = (m + |)a, where m = 0,1,2,... 

See P37.74 for full explanation. 

1.73 cm 
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Diffraction Patterns 
and Polarization 


CHAPTER OUTLINE 


38.1 Introduction to Diffraction Patterns 

38.2 Diffraction Patterns from Narrow Slits 

38.3 Resolution of Single-Slit and Circular Apertures 

38.4 The Diffraction Grating 

38.5 Diffraction of X-Rays by Crystals 

38.6 Polarization of Light Waves 


|* An asterisk indicates a question or problem new to this edition.) 


lNSWERS to objective questions 


OQ38.1 Answer (a). Glare, as usually encountered when driving or boating, 
is horizontally polarized. Reflected light is polarized in the same 
plane as the reflecting surface. As unpolarized light hits a shiny 
horizontal surface, the atoms on the surface absorb and then reemit 
the light energy as a reflection. We can model the surface as 
containing conduction electrons free to vibrate easily along the 
surface, but not to move easily out of surface. The light emitted from 
a vibrating electron is partially or completely polarized along the 
plane of vibration, thus horizontally. 

OQ38.2 Answer (c). The polarization state of a light beam that is reflected by 
a metallic surface is not changed; therefore, a beam of light that is not 
polarized before it is reflected is not polarized after it is reflected by a 
metallic surface. 

OQ38.3 Answer (b). The wavelength will be much smaller than with visible 
light, so there will be no noticeable diffraction pattern. 


791 
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OQ38.4 Answer (b). In a single slit diffraction pattern, dark fringes occur 
where sin 0 dark =mX/a ~ tan 0 dark =y dark /L, and m is any non-zero 
integer. 

Thus, the width of the slit, a, in the described situation, must be 
_ mXL _[l)XL _(5.00xl(T 7 m)(l.00 m) 

“ (y dark ), _ ^dark \ 5.00 X 10^ m 

=1.00 x 1CT 4 m =0.100 mm 

OQ38.5 Answer (d). The central maximum lies between the first-order 

minima defined by the relation sin 0 dark =mX/a =Xja. Because the 
angle is small, sin 0 dark ~ tan 0 dark =y dark /L, so the width of the central 
maximum is proportional to LX/a. Thus, the central maximum 
becomes twice as wide if the slit width a becomes half as wide. 

OQ38.6 The ranking is (e) > (c) >(a) > (b) > (d). The central maximum lies 
between the first-order minima defined by the relation 
sinfldark =m X/a =X/a. Because the angle is small, 
sinfldark ~ tan^dark =y da rk/ L / so the width of the central maximum is 
proportional to LX/d. We consider the value of LX/ a: (a) LX 0 /a , (b) 

/ =c/X 0 , so for V = 3/2 f, X' =2/3 X 0 , and the width is 
L(2/3Ap)/fl =2/3(OJA ( c ) L ( 151 «)/ a =32(LA D /fl), 

(d) LXJ(2a) =1/2 (UJa), (e) (2 L)\/a =2(U,/«)- 

OQ38.7 Answer (b). From Malus 7 law, the intensity of the light transmitted 
through a polarizer (analyzer) having its transmission axis oriented 
at angle 45° to the plane of polarization of the incident polarized light 
is / = / max cos 2 45° = / max /2. Therefore, the intensity passing through 
the second polarizer having its transmission axis oriented at angle 
6 = 90° - 45° = 45° is / = (/ max /2)cos 2 45° = / max /4. 

OQ38.8 Answer (e). Diffraction of light as it passes through, or reflects from, 
the objective element of a telescope can cause the images of two 
sources having a small angular separation to overlap and fail to be 
seen as separate images. According to Equation 38.6, 0 min =1.22/1/D, 
the minimum angular separation 6 mm two sources must have in 
order to be seen as separate sources is inversely proportional to the 
diameter D of the objective element. Thus, using a large-diameter 
objective element in a telescope increases its resolution. 

OQ38.9 Answer (e). The bright colored patterns are the result of interference 
between light reflected from the upper surface of the oil and light 
reflected from the lower surface of the oil film. 
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OQ38.10 Answer (b). No diffraction effects are observed because the 

separation distance between adjacent ribs is so much greater than the 
wavelength of x-rays. Diffraction does not limit the resolution of an 
x-ray image. Diffraction might sometimes limit the resolution of a 
sonogram. 

OQ38.11 Answer (a). The grooves in a diffraction grating are not electrically 
conducting. Sending light through a diffraction grating is not like 
sending a vibration on a rope through a picket fence: there is no 
moving substance that could collide with the groove of the grating, 
so the grating could not prevent the wave from passing though it. 

OQ38.12 Answer (c). The ability to resolve light sources depends on 
diffraction, not on intensity. 


NSWERS TO CONCEPTUAL QUESTIONS 


CQ38.1 The crystal cannot produce diffracted beams of visible light. The 

wavelengths of visible light are some hundreds of nanometers. There 
is no angle whose sine is greater than 1. Bragg's law, 2d sin 0 = mA,, 
cannot be satisfied for a wavelength much larger than the distance 
between atomic planes in the crystal. 

CQ38.2 The wavelength of visible light is extremely small in comparison to 
the dimensions of your hand, so the diffraction of light around an 
obstacle the size of your hand is totally negligible. However, sound 
waves have wavelengths that are comparable to the dimensions of 
the hand or even larger. Therefore, significant diffraction of sound 
waves occurs around hand-sized obstacles. 

CQ38.3 Since the obsidian is opaque, a standard method of measuring 

incidence and refraction angles and using Snell's Law is ineffective. 
Reflect unpolarized light from the horizontal surface of the obsidian 
through a vertically polarized filter. Change the angle of incidence 
until you observe that none of the reflected light is transmitted 
through the filter. This means that the reflected light is completely 
horizontally polarized, and that the incidence and reflection angles 
are the polarization angle. According to Equation 38.10, the tangent 
of the polarization angle is the index of refraction of the obsidian. 

CQ38.4 (a) Light from the sky is partially polarized. 

(b) Light from the blue sky that is polarized at 90° to the 

polarization axis of the glasses will be blocked, making the sky 
look darker as compared to the clouds. 

CQ38.5 Consider incident light nearly parallel to the horizontal ruler. 

Suppose it scatters from bumps at distance d apart to produce a 
diffraction pattern on a vertical wall a distance L away. At a point of 
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Diffraction Patterns and Polarization 


CQ38.6 


height y, where 0 =^- gives the scattering angle 6, the character of 
the interference is determined by the shift 8 between beams scattered 
by adjacent bumps, where <5 = dcosO ~ d^l + j. Bright spots 
appear for 8 = mA, where m = 1,2,3,.... 



ANS. FIG. CQ38.5 


For small 6, these equations combine and reduce to mA, = d 

Measurement of the heights y m of bright spots allows calculation of 
the wavelength of the light. [Note that if a maximum occurs at 

0 =^r ~ 0, then scattered light from a bump constructively interferes 

with scattered light from the next bump in front, which 
constructively interferes with scattered light from the next bump...; 
thus A = d.] 

First think about the glass without a coin and about one particular 
point P on the screen. We can divide up the area of the glass into 
ring-shaped zones centered on the line joining P and the light source, 
with successive zones contributing alternately in-phase and out-of- 
phase with the light that takes the straight-line path to P. These 
Fresnel zones have nearly equal areas. An outer zone contributes 
only slightly less to the total wave disturbance at P than does the 
central circular zone. Now insert the coin. If P is in line with its 
center, the coin will block off the light from some particular number 
of zones. The first unblocked zone around its circumference will send 
light to P with significant amplitude. Zones farther out will 
predominantly interfere destructively with each other, and the Arago 
spot is bright. Slightly off the axis there is nearly complete 
destructive interference, so most of the geometrical shadow is dark. 

A bug on the screen crawling out past the edge of the geometrical 
shadow would in effect see the central few zones coming out of 
eclipse. As the light from them interferes alternately constructively 
and destructively, the bug moves through bright and dark fringes on 
the screen. The diffraction pattern is shown in Figure 38.3 in the text. 
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CQ38.7 The skin on the tip of a finger has a series of closely spaced ridges 
and swirls on it. When the finger touches a smooth surface, the oils 
from the skin will be deposited on the surface in the pattern of the 
closely spaced ridges. The clear spaces between the lines of deposited 
oil can serve as the slits in a crude diffraction grating and produce a 
colored spectrum of the light passing through or reflecting from the 
glass surface. 

CQ38.8 (a) The diffraction pattern of a hair is the same as the diffraction 

pattern produced by a single slit of the same width. 

(b) The central maximum is flanked by minima. Measure the width 
2y of the central maximum between the minima bracketing it. 
Because the angle is small, you can use 

sin0 dark - tan 0 dark 
mX/a ~y/L 

to find the width a of the hair. 


CQ38.9 The condition for constructive interference is that the three radio 

signals arrive at the city in phase. We know the speed of the waves (it 
is the speed of light C), the angular bearing 0of the city east of north 
from the broadcast site, and the distance d between adjacent towers. 
The wave from the westernmost tower must travel an extra distance 
2d sin 0 to reach the city, compared to the signal from the eastern 
tower. For each cycle of the carrier wave, the western antenna would 

transmit first, the center antenna after a time delay and the 

c 

eastern antenna after an additional equal time delay. 

CQ38.10 The correct orientation is vertical. If the horizontal width of the 

opening is equal to or less than the wavelength of the sound, then the 
equation asinO =(l)A has the solution 0 = 90°, or has no solution. 

The central diffraction maximum covers the whole seaward side. If 
the vertical height of the opening is large compared to the 
wavelength, then the angle in a sin0 =(l)A will be small, and the 
central diffraction maximum will form a thin horizontal sheet. 


Featured in the motion picture M *A *S*H (20th Century Fox, Aspen 
Productions, 1970) is a loudspeaker mounted on an exterior wall of 
an Army barracks. It has an approximately rectangular aperture, and 
it is installed incorrectly. The longer side is horizontal, to maximize 
sound spreading in a vertical plane and to minimize sound radiated 
in different horizontal directions. 
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CQ38.11 Audible sound has wavelengths on the order of meters or 

centimeters, while visible light has a wavelength on the order of half 

a micrometer. In this world of breadbox-sized objects, — is large for 

a 

A 

sound, and sound diffracts around walls with doorways. But — is a 

a 

tiny fraction for visible light passing ordinary-size objects or 
apertures, so light changes its direction by only very small angles 
when it diffracts. 

Another way of phrasing the answer: We can see by a small angle 
around a small obstacle or around the edge of a small opening. The 
side fringes in Figure 38.1 and the Arago spot in the center of Figure 
38.3 show this diffraction. We cannot always hear around corners. 
Out-of-doors, away from reflecting surfaces, have someone a few 
meters distant face away from you and whisper. The high-frequency, 
short-wavelength, information-carrying components of the sound do 
not diffract around his head enough for you to understand his 
words. 


CQ38.12 


Suppose an opera singer loses the tempo and cannot immediately get 
it from the orchestra conductor. Then the prompter may make 
rhythmic kissing noises with her lips and teeth. Try it—you will 
sound like a birdwatcher trying to lure out a curious bird. This sound 
is clear on the stage but does not diffract around the prompter's box 
enough for the audience to hear it. 


Consider vocal sound moving at 340 m/s and of frequency 3 000 Hz. 
Its wavelength is 


X 


v _340 m/s 
7 _ 3000 Hz 


=0.113 m 


If your mouth, for horizontal dispersion, behaves similarly to a slit 
6.00 cm wide, then a sin0 =mX predicts no diffraction minima. You 
are a nearly isotropic source of this sound. It spreads out from you 
nearly equally in all directions. On the other hand, if you use a 
megaphone with width 60.0 cm at its wide end, then asinO =mX 
predicts the first diffraction minimum at 


9 =sin 1 


mX\ . , /0.113 m 

- =sm - 

a ) ^0.600 m 


) 


=10.9° 


This suggests that the sound is radiated mostly toward the front into 
a diverging beam of angular diameter only about 20°. With less 
sound energy wasted in other directions, more is available for your 
intended auditors. We could check that a distant observer to the side 
or behind you receives less sound when a megaphone is used. 
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Section 38.2 Diffraction Patterns from Narrow Slits 

*P38.1 (a) According to Equation 38.1, dark bands (minima) occur where 


For the first minimum, m = 1, and the distance from the center of 
the central maximum is 


y l =Ltan0 ~ Lsin0 =L\ 


Thus, the needed distance to the screen is 


0.75x10 3 m 
587.5 xl0“ 9 m 


(b) The width of the central maximum is 

2i/, =2(0.85 mm) = 1.7 mm| 

P38.2 From Equation 38.1, with m = 1, 

. A 6.328 xlO -7 m ... in _ 3 

sm 6 =— =-t -=2.11 x 10 

a 3.00x10 m 


=tan$ = sin 6-6 (for small 6) —> y =2.11 mm 


and 2 y = | 4.22 mm 

P38.3 If the speed of sound is 343 m/s. 


/ 650 s 1 

Diffraction minima occur at angles described by a sin 6 =mX. 
(1.10 m)sin 0 1 =1(0.528 m) 8 1 =d28.7° 

(1.10 m)sin0 2 =2(0.528 m) d 2 =d73.6° 

(1.10 m)sin0 3 =3(0.523 m) 0 3 nonexistent 

(a) There are |four| minima. 

(b) 16>= i28.7°, ±73A°| 
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P38.4 


P38.5 


(a) 


Refer to ANS. FIG. P38.4. The rectangular patch on the wall is 
wider than it is tall. The aperture will be taller than it is wide. For 
horizontal spreading we have 


tan 0 


ridth 


_ ywida, Jfrl 10 m /2 
L 45 m 


= 0.012 2 


width saa^width = U 


® width = 


0.012 2 



ANS. FIG. P38.4 


(b) 


(c) 

(d) 

(e) 


For vertical spreading, similarly 

tan 0 height = °- 0Q6m / 2 =0.000 667 
* 4.5 m 

1A 632.8 x 10“ 9 m 


sin 6 h 


0.000 667 


=9.49 x 10m = 949 [Jm 


The longer dimension in the central bright patch is [horizontaI| . 
The longer dimension of the aperture is [vertical| . 


A smaller distance between aperture edges causes a wider 
diffraction angle. The longer dimension of each rectangle is 
18.3 times larger than the smaller dimension. 


For destructive interference, from Equation 38.1, 

. . A A 5.00 cm 
sine =m =^m -=0.139 


and 6 = 7.98°. Then, 


^ =tan6> 
L 
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P38.6 


P38.7 


gives y =Ltan0 =(6.50 m)tan7.98° =0.912 m 
= |91.2cm| 


In a single slit diffraction pattern, with the slit having width a, the dark 
fringe of order m occurs at angle G m , where sin 0 m =m(X/a) and 
m = ±L, ±2, ±3,.... The location, on a screen located distance L from 
the slit, of the dark fringe of order m (measured from y = 0 at the center 
of the central maximum) is 


(l/dark )m =htan G m ~ L sin 6 m =mX 


(a) The central maximum extends from the m = +1 dark fringe on one 
side to the m = -1 dark fringe on the other side, so the width of 
this central maximum is 


Central max. width =(y dark ) m=1 - (y dark ) m ^ 



2 XL 
a 


Therefore, 


T _a (Central max. width) 

IX 

_(0.200xl0' 3 m )(8.10xl0' 3 m) 
’ 2(5.40xlO -7 m) 


= | 1.50 m| 


(b) 


The first order bright fringe extends from the m = 1 dark fringe to 
the m = 2 dark fringe, or 



(5.40 xlO- 7 m )(1.50 m) 
0.200 xl0“ 3 m 


=4.05 x 10~ 3 m = | 4.05 mm | 


Note that the width of the first order bright fringe is exactly one 
half the width of the central maximum. 


In the equation for single-slit diffraction minima at small angles, 

y . _ mX 

— ~ sm^dgjj, = — 

L a 

we take differences between the first and third dark fringes, to see that 

Ay _ A mX Ay =3.00 x 10~ 3 m and Am =3-1=2 

L a 
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P38.8 


P38.9 


The width of the slit is then 

ALAm (690 xl(T 9 m)(0.500 m)(2) ,- 

* = - (3.00X10- 3 m) - 

Use the small-angle approximation: — ~ sin# = rn ^L_ 

L a 


Ay \m 2 X m x X I , ,, 

Then, - - = —-— = m 2 -m x - 

L a a i 


_AL|m 2 - m x \ 

A y 


The diffraction envelope shows a broad central maximum flanked by 
zeros at a sin 6 = 1A and a sin# = 2A. That is, the zeros are at 
(na sin#)/A =7T, -n, 2k, -2k,... Noting that the distance between 
slits is d = 9 jL/m = 3a, we say that within the diffraction envelope the 
interference pattern shows closely spaced maxima at d sin 6 —mX, 
giving (;r3asin#)/A =m.K or 

(;rasin#)/A =0, k/3, -k/3, 2k /3, -2k/3 


The third-order interference maxima are missing because they fall at 
the same directions as diffraction minima, but the fourth order can be 
visible at (;rasin#)/A =Ak/3 and -Ak/3 as diagrammed. 



P38.10 


Equation 38.1 states that sin# =-, where 

a 

m = ± 1, ±2, ±3, .... The requirement for 
m = 1 is from an analysis of the extra path 
distance traveled by ray 1 compared to ray 3 
in the textbook Figure 38.5. This extra 
A 

distance must be equal to — for destructive 

interference. When the source rays approach 
the slit at an angle ft, there is a distance added 
to the path difference (of ray 1 compared to 



ANS. FIG. P38.10 
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P38.ll 


P38.12 


ray 3) of -sin/3. Then, for destructive interference, 

ci . 0 ci . . A/ „ A. *o 

— smp + — sint/ = — so sin# =-sin p 

2 2 2 a 

Dividing the slit into 4 parts leads to the second order minimum: 

a . n ci . X . 2A . 0 

—smp + — sm# = — so sm# =-smp 

4 4 2 a 

Dividing the slit into 6 parts gives the third order minimum: 
sin# =-smp 


Generalizing, we obtain the condition for the mth order minimum: 

m = ± 1, ±2, ±3, ... 

First we find where we are. The angle to the side is small so 


ml 

sm# =-smp 


L 1.20 m 
The parameter controlling the intensity is 

TTflsin# ^(4.00 x 10 4 m)(3.417 x 10 3 ) 


546.1 x 10 9 m 


=7.862 rad 


This is between 2 n and 3 n, so the point analyzed is off in the second 
side fringe. The fractional intensity is 

I J sin(^ sin#/A) ] 2 _[ sin(7.862 rad) ] 2 _i 2 i 

I^ [ na sin#/A J [ 7.862 rad J ^-1 

(a) Double-slit interference maxima are at angles given by 
dsin# =mX- 

For m = 0, 0 O =[0°1 

For m = 1, (2.80 pm)sin# =l(o.501 5 pm): 

#, =sin~' (0.179) = | ii0.3 o 
Similarly, for m = 2, 3,4, and 5, 

# 2 = | ±21.0°I , #,a j±32.5°| , #, = ±45.8°, and # 5 = ±63.6° 1 
For m >5, there are no maxima. 

(b) Thus, there are 5 + 5 + 1 = |ll] directions for interference maxima. 
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(c) We check for missing orders by looking for single-slit diffraction 
minima, at a sin 0 =mX. 

For m = 1, (0.700 jUm)sin0 =l(o.5015 /im) and 0 1 =| =t45.8°| 
Thus, there is no bright fringe at this angle. 

(d) From our answer to (c), |two| . 

(e) |two| 

(f) Two are missing because slit-slit minimum occur where a double¬ 
slit maximum would be: |nine| 

(g) w j 

[ nsmO/A, \ 

At 6= 63.6°, 

nasind k (0.700 um)sin 63.6° 

- -= —-— 7 ---7-= 3.93 rad = 225° 

A (0.5015 jUm) 

and I = | 0.032 4 

P38.13 With the screen locations of the dark fringe of order m at 

(y dark ) m = iTan 0 m ~ Lsin 6 m -m(XL/a) for m =±L, ±2, ±3,... 
the width of the central maximum is 


so 


A y central = (y d ark)m= + l “ (y d ark) m =-l = 2{XL/a) 


_(0.600xl0“ 3 m )(2.00xl0“ 3 m) 


«^Ay cen ^_ _ 

2 L 2(1.30 m) 

=4.62 x 10" 7 m = | 462 nm| 


Section 38.3 Resolution of Single-Slit and Circular Apertures 

P38.14 We assume Rayleigh's criterion applies to the cat's eye with pupil 
narrowed. For a single slit (not a round aperture), for small angles 


d~ sin0 =— 

a 


500 x 10~ 9 m 
0.500.x 10 3 m 


= |l.00x if) 3 rad 
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P38.15 


P38.16 


P38.17 


P38.18 


Using Rayleigh's criterion, 

e min =1.22— =0.100°f =1.75 xl0“ 3 rad 

D (, 180° ) 

d=ii2 {£] =i: - 


and 


.22! 3-00xl0- 3 m j = ^ w ^ 1 


Using Rayleigh's criterion, d min =1.22-^=^. Therefore, 

y D (2.80xHT 2 m)(0.600xl0" 3 m) ,-, 

1.22A 1.22 (550 xl0~ 9 m) 1 - 1 

Using Rayleigh's criterion, d min =1.22-^ =jjf. Therefore, 


,fT 

U-! oof 500xlO” 9 

— li 

\D, 

) ' { 58.0 xlO’ 2 



j(270xl0 3 m) 


= 0.284 m 


(a) The limiting angle for the resolution of the microscope is 

<U =1.22— =1.2 zf 589xl °" m l =7.98x10-= rad 
D ^9-OOxlO” 3 m J 

= |79.8 jUrad] 

(b) For a smaller angle of diffraction we choose the smallest visible 
wavelength, |violet| at 400 nm, to obtain 


0 .„ =1.22— =l. 22 f 400X10 > 1 =5.42x10- rad 
D ^9.00xl0~ 3 m J 


= |54.2 jUrad] 


(c) The wavelength in water is shortened to its vacuum value 
divided by the index of refraction. [The resolving power is| 
improved, with the minimum resolvable angle becoming) 

„ 589xl0~ 9 m/1.33^ , ^ „ 0 _ 5 , 

0 min =1.22— =1.22 - J - =6.00x10 5 rad 

D y 9.00 xlO -3 m ) 

= [60.0 /irad| 

Better than water for many purposes is oil immersion. 
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P38.19 


P38.20 


*P38.21 


P38.22 


When the pupil is open wide, it appears that the resolving power of 
human vision is limited by the coarseness of light sensors on the retina. 
But we use Rayleigh's criterion as a handy indicator of how good our 
vision might be. We are given 

L =250 x 10 3 m, A =5.00 x 10~ 7 m, and d =5.00 x 10~ 3 m 

The smallest object the astronauts can resolve is given by Rayleigh's 

criterion, =1.22— =—. Therefore, 
mm D L 

5.00x10 m "|( 250xl0 3 m ) =|30.5 m| 

5.00 xlO -3 m y 1 1 - 1 


y =1.22—L =1.221 


Undergoing diffraction from a circular opening, the beam spreads into 
a cone of half-angle 


0 min = 1.22 — 
mm D 


= 1.22 


632.8 xl(T 9 nA 
0.005 00 m J 


=1.54x10“* rad 


The radius of the beam ten kilometers away is, from the definition of 
radian measure, 

r beam =0 min (l.OO x 10 4 m) =1.544 m 


and its diameter is d beam =2r beam = |3.09m| . 
The limit of resolution in air is 


e mm| air =1 ‘ 22 


A 

D 


=0.60 jlirad 


In oil, the limiting angle of resolution will be 
6L jn | , =1.22— =1.22 

mm| oll D 


.(A/nJ 

= j_r 

D 

",„i 1 


or 




fl mi n| air _ 0.60 jUrad 

n oil 1.5 


= |0.40 /irad] 


When the pupil is open wide, it appears that the resolving power of 
human vision is limited by the coarseness of light sensors on the retina. 
But we use Rayleigh's criterion as a handy indicator of how good our 


vision might be. We take 0 n . 


, =— =1.22 —, where 0 min is the smallest 
L D 


angular separation of two objects for which they are resolved by an 
aperture of diameter D ,d is the separation of the two objects, and L is 
the maximum distance of the aperture from the two objects at which 
they can be resolved. 
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P38.23 


(a) Two objects can be resolved if their angular separation is greater 
than 6^. Thus, # mjn should be as small as possible. Therefore, 
light with the smaller of the two given wavelengths is easier to 
resolve, i.e., [blue| . 

^ t - Dd _(5-20xl0" 3 m)(2.80xl0“ 2 m) _ 1.193 xlO- 4 m 2 
”1.22^ fillip ” X 


Thus for X = 640 nm, L = 186 m, and for X = 440 nm, L = 271 m. 

The viewer with the assumed diffraction-limited vision could 
resolve adjacent tubes of blue in the range | 186 m to 271 m | , but 
cannot resolve adjacent tubes of red in this range. 

When the pupil is open wide, it appears that the resolving power of 
human vision is limited by the coarseness of light sensors on the retina. 
But we use Rayleigh's criterion as a handy indicator of how good our 
vision might be. According to this criterion, two dots separated center- 
to-center by 2.00 mm would overlap when 


Thus, 


L = 



dD _(2.00xl0“ 3 m)(5.00xl0- 3 
1.22A 1.22 (500 xl0“ 9 m) 


16.4 m 


P38.24 We are given D = 2.10 m and L = 9 000 m. The wavelength of the Coast 
Guard radar is 


, c 3.00 xlO 8 m/s nnonn 

X =— =-a-=0.020 0 m 

/ 15.0xlO 9 Hz 

From Rayleigh's criterion, # min =1.22-^ =^~. Therefore, 


i =1.22 ■ 


(0.020 0 m)(9 000 m) 
2.10 m 


= | 105 m | 


Section 38.4 The Diffraction Grating 

P38.25 The first order maximum occurs at 20.5°, so sin 6 =sin20.5° =0.350, 
and, from Equation 38.7, 

^ _ X _ 632.8 nm 
sin# 


=1.81 xlO 3 nm 


0.350 

Therefore, the line spacing =1 1.81 fJm 
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P38.26 


P38.27 


P38.28 


The ruling engine that cut the diffraction grating (or the aluminum 
plate from which the gelatin or plastic was cast) sliced each centimeter 
into two thousand divisions. So the grating spacing is 


d 


1.00 xl(T 2 m 
2 000 


=5.00 xlO -6 m 


The light is deflected according to d sin 0 =ml: 


0 =sin 


f ml 


l(640xl0' 9 
5.00 xlO' 6 



m 




The sound has wavelength 1 =- 


v _ 343 m/s 


=9.22xlO" 3 m. Each 


/ 37.2x 10 3 /s 

diffracted beam is described by d sin0 = ml, m = 0,1,2,... 


The zero-order beam is at m = 0, 0 = 0. The beams in the first order of 
interference are to the left and right at 


0 =sin 1 


IV I . 9.22 x 10~ 3 m 

— =sm --- 

d) l 1.30x10 m 


=sin _1 0.709 =45.2° 


For a second-order beam we would need 

0 =sin =sin“ 1 [2(0.709)] =sin“ 1 (l.42) 


No angle, smaller or larger than 90°, has a sine greater than 1. Then a 
diffracted beam does not exist for the second order or any higher 
order. The whole answer is then: 

(a) There are |three| beams. 

(b) The beams are at 0°, +45.2°, -45.2°| . 

1 f) 2 m 

(a) 4 = =2.732 x 10' 6 m =2 732 nm 

3 660 

1 = ^sin6 ^ and m = 1: At 0=10.1°, 1 =1 479 nm I 

m ' - 1 

At 6= 13.7°, AU §647 nm. 

At 0= 14.8°, 2^698 nin . 

(b) d= ——— and 21 —dsin0 7 so sin0 9 =— =———=28100.. 

sinflj 2 2 d l/sm6 1 1 

Therefore, if 0, =10.1° then sin0 2 =2sin(l0.1°) gives 0 2 = |20.5°| . 
Similarly, for 0, =13.7°, 0 2 = |28.3°| and for 0, =14.8°, 0 2 = |30.7°| . 
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P38.29 


P38.30 


_ ., . n y 0.400 pm , . , . ^ „ „„ 

For a side maximum, tan# =— =-, which gives 6 = 3.32°. 

L 6.90 pm 6 

Then, from dsinO =mX, 

(l)(780 x 10~ 9 m) 
d = . - - =13.5 pm 


sin3.32° 


p780n 

Ua/vwJ 


t 

6.90 nm 


X 




-I 


1.25 jam 0.4 /im 

ANS. FIG. P38.29 

The number of grooves per millimeter 
1 x 10“ 3 m 


13.5 xlO" 6 m 
The grating spacing is 

J 1.00xlO -3 m 


- = 74.2 


250 


=4.00x10 6 m =4 000 nm 


dsinO =mX 


Solving for m in Equation 38.7 gives 

dsinO 
m A 

(a) The number of times a complete order is seen is the same as the 
number of orders in which the long wavelength limit is visible. 

_ dsinO max _ (4 000 nm)sin90.0° ^ 

max A 700 nm 

or | 5 orders is the maximum | . 

(b) The highest order in which the violet end of the spectrum can be 
seen is: 

dsin0 max (4 000 nm)sin90.0° 


400 nm 


or 10 orders in the short-wavelength region . 
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P38.31 


P38.32 


The grating spacing is 

d = L0QX1 ° m =2.38 x 1(T 6 m =2380 nm 
4200 

Solving for the angle 6 from Equation 38.7, d sin 6 =mA,, gives 



e=sin ~'[f) 

Then, 

y =Ltan0 =Ltan|^ 

Thus, 

Ay =L< tan sin -1 

For m = 1, 

1 

J 

o 

_, o 

T 

For m = 2, 

=0.554 mm 


1 

o 

o 

T 

For m = 3, 

=1.54 mm 


o 

o 

T 


=5.04 mm 


l 2380 J 


/ 3(589.6) Y 
[ 2380 J 

Thus, the observed order must be | m =2 

The grating spacing is 

d — 1-00x10 2 m =2 2 2 x1 q~ 6 m 
4 500 

In the lst-order spectrum, diffraction angles are 
given by 


l 2380 J 


n -if 3(589) \ 
1 2380 I 


Order c Red ■ Violet 


30° 60° 90° 

Angle 


ANS. FIG. P38.32 


A 

sin0 =—: 

d 


. Q 656 x 10“ 9 m noQ _ 

sin Q, = -t— =0.295 

1 2.22 x 10” 6 m 


so that for red 0 1 =17.17° 

,i . 434x 10 -9 m 

and for blue sm0 7 =--— =0.195, 

2.22 x 10" 6 m 
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The angular separation is in first-order, 

A6 =17.17°-11.26° = | 5.91° | 

In the second-order spectrum, 

Ae=sta i^)- sin i^i®i3 

Again, in the third order. 

Since the red does not appear in the fourth-order spectrum, the answer 
is complete. 

P38.33 The principal maxima are defined by d sin 6 =ml , where m = 0,1, 2,... 
For m = 1, A =d sin0. 

Here, 6 is the angle between the central (m = 0) and the first order 
(m = 1) maxima. The value of 6 can be determined from the 
information given about the distance between maxima and the grating- 
to-screen distance: 


tan 6 = 


0.488 m 
1.72 m 


=0.284 


so 6=15.8° and sin 0=0.273. 

The distance between grating "slits" equals the reciprocal of the 
number of grating lines per centimeter 

d = --- 7 = 1.88 x 10 -4 cm = 1.88 x 10 3 nm 

5 310 cm ' 1 


P38.34 


The wavelength is 

A = d sin 0 =(l .88 x 10 3 nm)(0.273) = | 514 nm | 

From Equation 38.7, sin0 = ni ^L 
d 


Therefore, taking the ends of the visible spectrum to be X v =400 nm 
and A, =750 nm, the ends of the different order spectra are defined by: 
2A. 1 500 nm 


End of second order: sin0 2 =— 


Start of third order: sin0. 


3 A 


d 

1 200 nm 
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P38.35 


P38.36 


Thus, it is seen that | 0 2r >0 3v and these orders must overlap | 

regardless of the value of the grating spacing d. 

(a) We use the grating equation d sin0 =mX: 

mX 3(5.00xlCT 7 m) 

d =— =-± -=2.83 x 10“ 6 m 

sin# sin 32.0 

Thus the grating gauge is 

\ =3.53 x 10 5 grooves/m =1 3.53 xlO 3 grooves/cm 
d l-1 


(b) For any interference maximum for this light going through this 
grating, 

^A^_ot(5.00x 10" 7 m' 

[d) 2.83x IQ- 6 m 


sin0 




- =m(0.177) 


For sin# < 1, we require that m(0.177)< 1 or m < 5.66. Because m 
must be an integer, its maximum value is really 5. Therefore, the 
total number of maxima is 2m +1 = | 11 | . 

(a) The several narrow parallel slits make a diffraction grating. The 
zeroth- and first-order maxima are separated according to 

, . /.u . . X 632.8 xl0“ 9 m 

dsmQ =(1 )X smd =— =-*- 

d 1.2 x 10” 3 m 

6 =sin _1 (0.000 527) =0.000 527 rad 
y =Ltan6 =(l.40 m)(0.000 527) =1 0.738 mm I 



ANS. FIG. P38.36 

(b) Many equally spaced transparent lines appear on the film. It is 
itself a diffraction grating. When the same light is sent through 
the film, it produces interference maxima separated according to 


. X 632.8 xl0‘ 9 m „ 

smd =—==•-r— =0.000 857 

d 0.738 xl0“ 3 m 


dsmO =[l)X 
y =Ltan0 =(l.40 m)(0.000 857) =1.20 mm 
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An image of the original set of slits appears on the screen. If the 
screen is removed, light diverges from the real images with the 
same wave fronts reconstructed as the original slits produced. 
Reasoning from the mathematics of Fourier transforms, Gabor 
showed that light diverging from any object, not just a set of slits, 
could be used. In the picture, the slits or maxima on the left are 
separated by 1.20 mm. The slits or maxima on the right are 
separated by 0.738 mm. The length difference between any pair of 
lines is an integer number of wavelengths. Light can be sent 
through equally well toward the right or toward the left. 

P38.37 Fifteen bright spots means that the central maximum and seven orders 
of side maxima appear. 

(a) If the seventh order is at less than 90°, the eighth order might be 
nearly ready to appear according to 

dsinO =mA 

d(l)=8(654xl0” 9 m)—>d =5.23 pm 
d =5.23x 10" 6 m = |5.23 jLfln| 

(b) If the seventh order is just at 90°, 

dsinO =mX 
d(l)=7(654xl0" 9 m) 

d =4.58 x 10" 6 m =|4.58 pm\ 


Section 38.5 Diffraction of X-Rays by Crystals 

P38.38 The atomic planes in this crystal are shown in Figure 38.22 of the text. 
The diffraction they produce is described by Bragg's law. 


2d sin 0 =mX : 


and Q =14.4° 


ml 1 0.140 xl0“ 9 m 

sin (9 =— =4 --—( =0.249 

2d 2 0.281 x 10~ 9 m 


The grazing angle is measured from the surface, as shown in Figure 
38.23. Then, from 2d sin 9 =m/ 1, 

2d sin 6 


_ 2 (o.353 x 10~ 9 m)sin7.60° 


=9.34 x 10 -11 m =1 0.093 4 nm I 
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P38.40 From 2d sin 0 =raA, 


and 


. ^ wA 2(0.166 nm) 

sm0 = =—) - { 

2d 2(0.314 nm) 

I G =31.9° I 


(a) By Bragg's law, 2d sin G =mA , and m = 2: 

A = 2 dsin 0 =2(0.250 nm)sinl2.6° = 0.109 run 

(b) We obtain the number of orders from 

wA . . „ 2d 2(0.250 nm) 4 

— =sin0 < 1 m <—=— -- =4.59 

2d A 0.109 nm 

The order-number must be an integer, so the largest value m can 
have is 4: [four] orders can be observed. 


Section 38.6 Polarization of Light Waves 

P38.42 In Equation 38.10, tan 0 p =n 2 /n : , the index of refraction n 2 of the solid 
material must be larger than that of air (n 1 = 1.00). Therefore, we must 
have tan 6 p > 1. For this to be true, we must have 6 p >45°, so 
G p =41.0° is not possible. 

P38.43 We define the initial angle, at which all the light is transmitted, to be 
0 =0. Turning the disk to another angle will then reduce the 
transmitted light by an intensity factor as described by I =I max cos 2 6. 

Then, 6 =cos -1 



(a) 

(b) 

(c) 


For / = / max/3.00, 


6 =cos 1 y-—J =cos 1 -^=L= =cos 1 0.577 = |54.7°| 

I N 1/2 

J— J =cos “ 1 -j== =cos“ 1 0.447 = |63.4°| 


Now 


The largest factor of intensity reduction requires the largest 
crossing angle. 


G =cos “ 1 j— =cos _1 -^== =cos“ 1 0.316 = |71.6°| 
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P38.44 


P38.45 


!f 'P38.46 


P38.47 


By Brewster's law, for light in air (n = 1.00) reflecting off a surface of 
index n. 


p n, 1.00 

n =tan 0 p =tan(48.0°) =[l.ll 

The intensity of unpolarized light passing through the first polarizing 

3 

filter is reduced by 1/2. The second transmits cos 2 30.0° =—. 

I 1 3 f. | 

-=— x — =— = 0.375 

I 2 4 8 1 - 1 


pJ^- or P oc (A!/) 2 
Ay =(-)E y - Ay =E y -£cosO 
Ay°ccos 0 so P 00 cos 2 6 

(a) 0 =15.0°: 



ANS. FIG. P38.46 


P =P max cos 2 (15.0°) =0.933P max =| 93.3% | 


(b) 6 =45.0°: P =P max cos 2 (45.0°) =0.500P max = | 50.0% | 

(c) 0=90.0°: P=P max cos 2 (90.0°) =[O00%] 

Let the first sheet have its axis at angle 0to the original plane of 
polarization, and let each further sheet have its axis turned by the same 
angle. 

The first sheet passes intensity Z max cos 2 0, 

The second sheet passes (f max cos 2 0)cos 2 0 =/ max cos 4 0, 

and the nth sheet lets through I max cos 2 ” 0 > 0.90I max , where 0 =^—. 

n 

Try different integers to find n; for example, 

cos 2x5 j =0.885, cos 2x6 j =0.902, cos 2x7 fy-1 =0.915 

(a) So n =[~6~|. 

45° 


(b) 0 =— = | 7.50° 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly i 


sible website, in whole or in part. 














814 Diffraction Patterns and Polarization 


P38.48 


P38.49 


(a) Let l 0 represent the intensity of unpolarized light incident on the 
first polarizer. The intensity of unpolarized light passing through 
a polarizing filter is reduced by 1/2, so the first filter lets through 
1/2 of the incident intensity. Of the light reaching them, the 
second filter passes cos 2 45° = 1/2 and the third filter also 
cos 2 45° = 1/2. The transmitted intensity is then 


=ai25/ ” 


The reduction in intensity is by a factor of 1.00 - 0.125 = |0.875| of 
the incident intensity. 

(b) By the same logic as in part (a) we have transmitted 

j(cos 2 30.0°)(cos 2 30.0°)(cos 2 30.0°) =^ j(cos 2 30.0 0 ) 3 
=0.211I 0 


Then the fraction absorbed is 1.00 - 0.211 = |0.789| . 

(c) Yet again we compute transmission 




| (cos 2 15.0 0 ) 6 =0.330I 0 


(d) 


And the fraction absorbed is 1.00 - 0.330 = |0.670| . 

We can get more and more of the incident light through the stack 
of ideal filters, approaching 50%, by reducing the angle between 
the transmission axes of each one and the next. 


For the polarizing angle, 

^=ian6 r and 0, =tan"(^f] 

For the critical angle for total internal reflection, 

n =n ■ sin 90° =1.00 so n h - =—-— 

pp pp sin 6/ 


Therefore, 
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P38.50 


For the polarizing angle. 


and 


Thus, 


tan <9 

p n x 

sin 0 


n 



1 

n 


tan 0 p 


1 

sin 0. 


*P38.5i 



or 0 p =tan 1 (cs cd c ) or 0 p =cot 1 (sin 0 ) 


From Malus's law, the intensity of the light transmitted by the first 
polarizer is 7 1 =/, cos 2 8 V The plane of polarization of this light is 
parallel to the axis of the first plate and is incident on the second plate. 
Malus's law gives the intensity transmitted by the second plate as 
I 2 = 1 , cos 2 [d 2 - 0 , ) = 7 , cos 2 cos 2 [ 0 2 - 0,) 


This light is polarized parallel to the axis of the second plate and is 
incident upon the third plate. A final application of Malus's law gives 
the transmitted intensity as 

I f =I 2 cos 2 (0 3 - 0 2 ) =7 ; cos 2 0, cos 2 (0 2 - 0, )cos 2 (0 3 - 0 2 ) 

With 0 3 =20.0°, 0 2 =40.0°, and 0 3 =60.0°, this result yields 

l f =(l0.0 units)(cos 2 20.0°)(cos 2 20.0°)(cos 2 20.0 0 ) = |6.89 units] 

*P38.52 Half of the unpolarized light passes through the first sheet. The light 
that passes through the first sheet is polarized at 45° relative to the 
second sheet, and the light that passes through the second sheet is 
polarized at 45° relative to the third sheet. The fraction of transmitted 
light is given by two successive applications of Malus's law: 


7 

7 ma , 


=|(cos 2 45.0°)(cos 2 45.0°) 



Additional Problems 

P38.53 (a) We assume the first side maximum is at t?sin 0 =1.5A. (Its location 

is determined more precisely in Problem 71.) Then the required 
fractional intensity is 


sin(^flsin0/A) 

sin(1.57r)l 2 

1 

7Tflsin0/A 

1 .5k 

2.257T 2 
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P38.54 


P38.55 


P38.56 


(b) Proceeding as in part (a), we assume a sin# =2.5A: 

l sin(^fl sinfl/A) ~| 2 _r sin(2.5^) ] 2 _ 1 

J max [ nasmO/X \ [ 2.5k \ 6.2 5n 2 1 '- 1 


(a) 

(b) 


One slit, as the central maximum is twice as wide as the other) 
maxima.) A two-slit pattern has evenly spaced fringes (within a 
one-slit diffraction envelope). 

For precision, we measure from the second minimum on one side 
of the center to the second minimum on the other side: 


2y =(11.7-6.3) cm = 5.4 cm —> y =2.7 cm 



a sin 6 =mX 


0.027 m 
2.60 m 


~ sin# 


ml _ 2 (632.8 x 10 “ 9 m) 


sin# 

r 0.027 m^j 


l 2.60 m J 


= 1.22 x 10 -4 


=| 0.122 mm wide] 


m 


Figure 38.23 of the text shows the situation. This is Bragg diffraction 
for water waves. 


. a - - 2 d sin# 

2 a sin# =mX or A = - 

m 

m = 1: Aj = 

2(2.80 m)sin 80.0° r-=-=z - 

= -= 5.51 m 

1 1 - 

m = 2: X 2 - 

_2(2.80 m)sin80.0° _ | 0 ^ m 

2 “L —— 

m = 3: A 3 = 

2(2.80 m)sin80.0° r— - 

=—---= 1.84 m 

3 1 - 


For dark fringes in an interference pattern formed by a single slit, 
a sin# =mX. By the small-angle approximation, sin 6 ~ tan 6 =j% 

Substituting, we have aj- =2X and 

l _y« _(l-40xl0 -3 m)(0.800xl0“ 3 m) 

~2L 2(85.0x l0“ 2 m) 

=6.59 x!0 ~ 7 m = |659 nm| 
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P38.57 


P38.58 


P38.59 


The first minimum is at a sin6 =(l) A. 

A 

This has no solution if — >1, 
a 

or if a <A = | 632.8 nnT| . 

(a) With light in effect moving through vacuum, Rayleigh's criterion 
limits the resolution according to 

0 = 1 . 22 - =- 
” D L 

The diameter of the aperture is then 

_1.22AL _1.22(885xl0“ 9 m)(l2 000 m) 
d 2.30 m 


=0.005 63 m = 5.63 mm 


(b) 


The assumption is unreasonable. Over a horizontal path 
of 12 km in air, density variations associated with 
convection ("heat waves," or what an astronomer calls 
"seeing") would make the motorcycles completely 
unresolvable with any optical device. 

(a) We first determine the wavelength of 1.40-GHz radio waves from 


,= 7 : 


yaxio-m/. 

1.40 xio 9 s _1 


Applying Rayleigh's criterion, 6 mm =1.22 —, we obtain 


0 min = 1.22 


G min =(7.26 jUrad)| 


3.60x10 m 

180x60x60 


= |7.26 jtiradj 

= |l.50 arc seconds | 


(b) To determine the separation between the clouds, we use 0 mi 
d =0 min L =(7.26xlO -6 rad)(26 000 ly) = |0.1891y| 
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(c) It is not true for humans, but we assume the hawk's visual acuity 
is limited only by Rayleigh's criterion, 6 mm =1.22-^. Substituting 
numerical values, 

=1.221 500 x IQ m I = 50.8 jUrad =| 10.5 seconds of arc | 
nun ^12-OxlO” 3 m J ^ 1 - 1 

(d) Following the same procedure as in part (b), we have 

d —0 mm L =(50.8xlO" 6 rad)(30.0 m) =1.52xl0“ 3 m = |l,52 mm| 
!f 'P38.60 Differentiating Equation 38.7, d sin d =ml , gives 
d{cosd)dd —mdl 

or dVl-sin 2 6 Ad ~ mAA. 

Plugging in for sin0. 


!f 'P38.61 The grid spacing is 

d =——— =2.50 xl0“ 6 m 
400 

(a) From Equation 38.7, d sin G =wA: 

2(541 xl0“ 9 1 


6 a =sin 
(b) In water. 


. 541 x 10“ 9 m ... in _ 7 

A =-=4.06 x 10 m 

1.333 

[2(4.06 xl0~ 7 m) 


2.50 xlO -6 m 


2A 


(c) dsin6 a =2A and dsm6 b =— —> dnsm6 b =2A 
Each equals 2A: therefore nsh\6 b =(l)sin6 fl . 
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P38.62 


We check to see if the m = 15 interference maximum is visible. 

We find the sine of the angle for the m = m double two-slit interference 
maximum: 

^doubie^ = d sin 0 bllght -> sin 0 bright [1] 

Then find the sine of the angle for the m = m single single-slit interference 
minimum: 


sin0 dark = ^^- 
a 

Divide equation [2] by equation [1]: 


S'"@ Wghl Aid ra dil , lbll . a 

Now let the angle of the single-slit minimum be equal to that of the 
double-slit maximum: 


[ 2 ] 


| _ ^single d _ ^single 30.0 pm _ m single 

^double a ^double 2 - 00 ^double 

which gives m double =15m single . 

Therefore, the m single = 1 minimum aligns with the m double = 15 
maximum so that the rn douhle = 15 maximum has zero intensity and 
could not startle the co-worker. 

P38.63 With a grazing angle of 36.0° (measured from the surface), the angle of 
incidence is 54.0°, which equals the polarizing angle: 

tan0 =— = —=n =tan54.0° =1.38 
p n, 1.00 


In the liquid, 

_A _750 nm 
” ~n 1.38 


= | 545 nm~| 


P38.64 (a) Bragg's law applies to the space lattice of melanin rods. Consider 

the planes d = 0.25 pm apart. For light at near-normal incidence, 
strong reflection happens for the wavelength given by 
2d sin G =mX. The longest wavelength reflected strongly 
corresponds to m = 1: 

2(0.25 xlO" 6 m)sin90° =X =500 nm 
This is the blue-green color. 
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(b) For light incident at grazing angle 60°, 2d sin 0 =mX gives 
2(o.25 x 10~ 6 m)sin60° =X =433 nm. This is violet. 

(c) Your two eyes receive light reflected from the feather at different 
angles, so they receive light incident at different angles and 
containing different colors reinforced by constructive 
interference. 

(d) The longest wavelength that can be reflected with extra strength 
by these melanin rods is the one we computed first, 500 nm blue- 
green. 

(e) If the melanin rods were farther apart (say 0.32 pm) they could 
reflect red with constructive interference. 


P38.65 


In ANS. FIG. P38.65, light strikes the liquid at the polarizing angle 0 p , 
enters the liquid at angle 0 2 , and then strikes the slab at the angle 0 3 , 
which is equal to the polarizing angle 0'. The angle between the water 
surface and the surface of the slab, 0, is related to the other angles by 
(from the triangle) 

0 +(90° +0 2 ) +(90°- 0 3 ) =180° -> 0 =0 3 - 0 2 




ANS. FIG. P38.65 



For the air-to-water interface, 
1.33 


tan 0 


and 


1.00 

(l.OO)sin0 p =(l.33)sin0 2 
x ( sin53.1° 


0 =53.1° 


0 , =sin 


^ 1.33 


For the water-to-slab interface, 
tan0 3 =tan0 = Wslab 

W water 

0 3 =50.6° 

The angle between surfaces is 0 =0 3 - 0 2 = |13.7°| . 


n _1.62 
~L33 _ L33 
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P38.66 


P38.67 


Refer to ANS. FIG. P38.65 above. Light strikes the liquid at the 
polarizing angle 9 p , enters the liquid at angle 0 2 , and then strikes the 
slab at the angle 0 3 , which is equal to the polarizing angle O ',. The 
angle between the water surface and the surface of the slab, 0, is 
related to the other angles by (from the triangle) 

0+(9O°+0 2 )+(9O o -0 3 )=18O o -> 0=0 3 -0 2 


Also, 

0 V +90° +0 2 =180° 

0 p =9O°-0 2 

For the air-to-liquid interface, 

tan0 - w 2 _ %uid _n, _ s m0 p _sin(9Q°-0 2 ) 
V H 1 W air 1 COS 0 ;J COS (90 °-@ 2 ) 
_COS0 2 _ 1 

sin 0 2 tan 0 2 

So, tan0 2 =— —> 0 2 =tan 1 [ — 

n t UJ 


For the water-to-slab interface, 

tan0, =tan0' = Us]ab =— -> 0 3 =tan _1 ( — I 
%uid n t {n e J 


Therefore, 


0 = 0 3 - 0 2 


0 =tan 1 

n ^ j 

1 

— - tan 

— 


UJ 1 

v n J 


For the limiting angle of resolution between lines we assume 
A (550 x 1CT 9 m) 

0 min =1.22- =1.22 t-- —\ =1.34 xlO" 4 rad 

D (5.00 x 10 -3 m) 


Assuming a picture screen with vertical dimension t , the minimum 

1/485 

viewing distance for no visible lines is found from 6 mm =• 1 ^ ■.. The 
desired ratio is then 


L 

l 


1 _ 1 
4850 mm _ 485(l.34 xlO -4 rad) 




When the pupil of a human eye is wide open, its actual resolving 
power is significantly poorer than Rayleigh's criterion suggests. 
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P38.68 


P38.69 


(a) We require 


0 ~ 1 22 ^ — ra di us °f diffraction disk _D/2 

~~ ‘ D L 


Then, D 2 =2.44AL 


(b) D =^2.44(500 xlO -9 m)(0.150 m) =4.28 x 10 -4 m = | 428 jJm \ 

(a) Constructive interference of light of wavelength X on the screen is 
described by dsind =mX and, because tan# =j- , we may write 

sin# = , ^ . Therefore, 

P+y 2 

( 1 d)y[l? +y 2 ) 1/2 =mX 

Differentiating with respect to y gives 


(rf)(c +y 2 ) 1,2 4<Oy(-0r 2 +y 2 ) 3,2 (o +2 y) 

(d) (d)/ _ Mjd)(l?+f)-(d)y 2 

(L>+/rp^(e + /-r 

dl _ (d)L 2 

dy m (l 2 +y 2 ) 3/2 


(b) Here dsind =mX gives, for 171 = 1, 


10“ 2 m . 


sin# =l(550xlO” 9 m) 


J 550 x 1CT 9 m 
l 1.25 x lO" 6 m 


> 2 ' 


Then, 


y =Ltan# =(2.40 m)tan26.1° =1.18 m 


So we have 

dX _ ( d)L 2 _ (l.25 x 10~ 6 m)(2.40 m) 2 

dy m[h 2 +y 2 f 2 (l)[(2.4 m) 2 +(l.l8 m) 2 ] 3/2 

=3.77 x 10- 7 ^ =3.77 x 10~ 7 =1 3.77 nm/cm I 

m 10 2 cm I- L -1 
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P38.70 (a) Applying Snell's law gives 

n 2 sin (f) =n 1 sin 6 . From the sketch in ANS. 

FIG. P38.70(a), we also see that: 

6 + (j) + [3 = n , or (/) =7t-(0 +fi) 

Using the given identity, 

sinp =sin7rcos(# +j8)-cos7rsin(# +/l) 
which reduces to, 

sinp =sin(# +fi) 

Applying the identity again, 

sin p = sin 9 cos j8 + cos 6 sin /? 

Snell's law then becomes, 

n 2 (sin 6 cos ft +cos#sin ft) =n 1 sin© 
or (after dividing by cos 9): 

n 2 (tan 0 cos /? +sin /3) =n 1 tan 6 
Solving for tan# gives: 

n 2 sin/3 

tan# =----— 

n t - n 2 cos [3 

(b) If (5 =90.0°, the above result becomes: 

. n 2 sin90° n 2 , . , . „ 

tan# =---- =—, which is Brewster s law 

n 1 -n 2 cos90 n t 

P38.71 From I =1 we find 

““l 0 J 

dl _ I ( sinpYpcosp-[sinp]l 

# ^ { $ ){ (t> 2 

and require that it be zero. The possibility sinp =0 locates all of the 
minima and the central maximum, according to 

, „ „ , 7T a sin # „ 

p =0, K, 2%, p=— -r —- =0, K, 2k, 

a sin# =0, A, 2A, ... 



ANS. FIG. P38.70(a) 
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P38.72 


The side maxima are found from 

0cos0-sin0=O or tan</>=</> 
This has solutions 

(j) = 4.493 4, (f) = 7.7253, and others. 


(a) ( l ) = 4.49 compared to the prediction from the approximation of| 


1.5*= 4.71 


(b) (j)-7.73 compared to the prediction from the approximation of| 


2.5*= 7.85 


(a) From Equation 38.2,- 

, na sin 6 


2 , 1 _^ sin M j 2 


where we define 


Therefore, when -=— we must have 

T 2 


sind _ 1 


sind =—j= 

V2 


(b) Let y x =sind and y 2 =-^. 


A plot of y 1 and y 2 in the range 1.00 < d < — is shown in ANS. FIG. 
P38.72(b). 



1 1.1 1.2 1.3 1.4 1.5 1.6 

<t> (radians) 


ANS. FIG. P38.72(b) 

The solution to the transcendental equation is found to be 
I (f) =1.39 rad I. 


nasin.6 . . . ( A T , A 

(c) ---=d gives sin0 = — —. If — 

A \k J a a 


is small, then 6 = 


n) a 
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This gives the half-width, measured away from the maximum at 
0 = 0. The pattern is symmetric, so the full width is given by 



0.885A 


J_ a_ 

(d) 


0 

V2sin0 


1 

1.19 

bigger than 0 

2 

1.29 

smaller than (f) 

1.5 

1.41 

smaller 

1.4 

1.394 


1.39 

1.391 

bigger 

1.395 

1.392 


1.392 

1.391 7 

smaller 

1.391 5 

1.391 54 

bigger 

1.391 52 

1.391 55 

bigger 

1.391 6 

1.391 568 

smaller 

1.391 58 

1.391 563 


1.391 57 

1.391 561 


1.391 56 

1.391 558 


1.391 559 

1.391 557 8 


1.391 558 

1.391 557 5 


1.391 557 

1.391 557 3 


1.391 557 4 

1.391 557 4 



We get the answer as 1.391 557 4 to seven digits after 17 steps. 
Clever guessing, like using the value of V2 sinp as the next guess 
for (j), could reduce this to around 13 steps. 
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P38.73 


P38.74 


(a) 


(b) 


The angles of bright beams diffracted from the grating are given 
by dsinO =mX. The angular dispersion is defined as the 

derivative —: 

dX 


d6 _ m 
dX dcosO 
For the average wavelength 


, Q d0 
dcosO — =m 
dX 


579.065 nm + 576.959 nm 


= 578.012 nm 


(a) 


dsinO =mX gives 


0.020 0 m 
8 000 


sin 0 =2 (578.012 xl0“ 9 m) 


, n 2 x 578 x 10“ 9 m „ r7C0 

and 0 =sin --=27.5° 

2.5 x 10 -6 m 

The separation angle between the lines is, for 
AX =576.959 nm-579.065 nm =2.106 nm 

and 


A 6 =—AX = 

dX dcosO 


AX 


-(2.106 xlO" 9 m) 


2.5 xhT 6 m cos 27.5 c 
=0.00190 =0.00190 rad =0.00190 rad( 
= [0.109° | 

See ANS. FIG. P38.74. 



Distance from center of pattern (mm) 
♦ Experimental-Theoretical 

ANS. FIG. P38.74 


JL80M 
n rad ) 
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(b) The first minimum in the single-slit diffraction pattern occurs at 



Thus, the slit width is given by 
_ XL 

ymin 

For a minimum located at y mm =6.36 mm ±0.08 mm, the width is 

_ (632.8 xl(T 9 m)(1.00 m) 

U ~ 6.36 x 10” 3 m 


| 99.5 pm. + l% 


Challenge Problems 

P38.75 (a) The E and 0 rays, in phase at the surface of the plate, will have a 

phase difference 



after traveling distance d through the plate. Here 8 is the 
difference in the optical path lengths of these rays. The optical path 
length between two points is the product of the actual path length 
d and the index of refraction. Therefore, 

<5 =\dn 0 -dn E \ 


The absolute value is used since may be more or less than 
unity. Therefore, 

e=[fjdn 0 -dn E \ = 



(b) 


, id 

d =-:-r 

2n\n 0 -n E \ 


(550 x 1(T 9 m )M 
2k 11.544-1.553| 


=1.53 x 1(T 5 m = | 15.3 pm \ 


P38.76 (a) The concave mirror of the spy satellite is probably about 2 m in 

diameter, and is surely not more than 5 m in diameter. That is the 
size of the largest piece of glass successfully cast to a precise 
shape, for the mirror of the Hale telescope on Mount Palomar. If 
the spy satellite had a larger mirror, its manufacture could not be 
kept secret, and it would be visible from the ground. Outer space 
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P38.77 


© 2014 Cengage Learning. 


is probably closer than your state capitol, but the satellite is surely 
above 200-km altitude, for reasonably low air friction. We find the 
distance between barely resolvable objects at a distance of 200 km, 
seen in yellow light through a 5-m aperture: 



y =(2x 10 7 m)(l.22)^ 6X *° m m j =3 cm 

Thus the snooping spy satellite cannot see the difference between 
III and II or IV on a license plate. |A resolution of about 3 cm| 
[would make it difficult to read a license plate] 

(b) ||5]. The resolution is too large. It cannot count coins spilled on a 
sidewalk, much less read the dates on them. 

Considering atmospheric image distortion caused by variations in 
air density and temperature, the distance between barely 
resolvable objects is more like, assuming a limiting angle of one 
second of arc, 

(2 x 10 7 m)(l s)f—-- If K ra d ) =97 cm = 1 m 

v ' \3 600sjl 180° ) 


(a) 


From Equation 38.1, 6 =sin 1 



. In this case m = 


and 


A =— = 3'00 x 10 m/s _ 4 qq 10 -2 
/ 7.50 x 10 9 Hz 


Thus, 


6 =sin 
(b) From Equation 38.2, 


./ 4.00 x! 0~ 2 m ^j 
, 6.00 x 10“ 2 m J 


I _ sin(p) 

lIt. 


where p = 


When 6= 15.0°, 

_tt(0.060 0 m)sinl5.0° 


= 1.22 rad 


and 


I _rsin(l .22 rad )"| 2 
I 1.22 rad 


0.592 
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P38.78 


(c) sin# =—, so 0 = 41.8°: 
a 

This is the minimum angle subtended by 
the two sources at the slit. Refer to ANS. 

FIG. P38.77(c). Let a be the half angle 
between the sources, each a distance 
l =0.100 m from the center line and a 
distance L from the slit plane. Then, 

L =^cota =(0.100 m)cot(^-^-j = | 0.262 m | 



ANS. FIG. P38.77(c) 


For incident unpolarized light of intensity / max , the average value of the 
cosine-squared function is one-half, so the intensity after transmission 

by the first disk is I =^T max . 

After transmitting 2nd disk: I =^I max cos 2 0 

After transmitting 3rd disk: I =^T max cos 2 Geos 2 (90° - d) 
where the angle between the first and second disk is G = cot. 



ANS. FIG. P38.78 

Using trigonometric identities cos 2 G = ~(l +cos20) 


and cos 2 (9O°-0) =sin 2 0 =^(l-cos26>), 

wehave j=b„.[ (1+c ° s2e) ][ (1 - c ° s29) ] 

f (l - cos 2 20 ) (01 - cos 40) 


Since G = cot, the intensity of the emerging beam is given by 


16 max ' 


3 4 cot) 
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P38.79 The energy in the central maximum we can estimate in Figure P38.79 
as proportional to 

(width) (height) =(27r)l max 


As in Problem P38.71, the maximum height of the first side maximum 
is approximately 

1=1 |~ sin M l 2 -j [ sin(3^/2) l 2 _4Z max 

max L 0 J max [ 3tt/2 J 9 n 2 

(41 

Then the energy in one side maximum is proportional to n I 1, 

and that in both of the first side maxima together is proportional to 



Similarly and more precisely, and always with the same 
proportionality constant, the energy in both of the second side maxima 

is proportional to 2 n 



The energy in all of the side maxima together is proportional to 



The ratio of the energy in the central maximum to the total energy is 
then 

7 — t ^ 2;r ^ max -=- x ——v =0.913 =91.3% 

{in )l max +0.5957 max 1 +0.595/(2 tt) 

Our calculation is only a rough estimate, because the shape of the 
central maximum in particular is not just a vertically-stretched cycle of 
a cosine curve. It is slimmer than that. 
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JMSWERS TO EVEN-NUMBERED PROBLEMS 


P38.2 

4.22 mm 

P38.4 

(a) 51.8 jLim; (b) 949 jtim; (c) horizontal; (d) vertical; (e) A smaller 
distance between aperture edges causes a wider diffraction angle. The 
longer dimension of each rectangle is 18.3 times larger than the smaller 
dimension. 

P38.6 

(a) 1.50 m; (b) 4.05 mm 

P38.8 

?d,\m 2 -m l \ 

Ay 

P38.10 

See P38.10 for full explanation. 

P38.12 

(a) 0 O =0°, =±10.3°, 0 2 = +21.0, 0 3 = +32.5°, 0 4 =±45.8°, 0 5 = +63.6°; 

(b) 11, (c) 0 1 = +45.8°, (d) two, (e) two, (f) nine, (g) 0.032 4/ max 

P38.14 

1.00 x 10 -3 rad 

P38.16 

25.0 m 

P38.18 

(a) 79.8 jL/rad; (b) violet, 54.2 jt/rad; (c) The resolving power is improved, 
with the minimum resolvable angle becoming 60.0 jL/rad. 

P38.20 

3.09 m 

P38.22 

(a) Blue; (b) 186 m to 271 m 

P38.24 

105 m 

P38.26 

7.35° 

P38.28 

(a) 479 nm, 647 nm, 698 nm; (b) 20.5°, 28.3°, 30.7° 

P38.30 

(a) 5 orders is the maximum; (b) 10 orders in the short-wavelength 
region 

P38.32 

5.91°, 13.2°, 26.5° 

P38.34 

6 2 , >d 3v and these orders must overlap. 

P38.36 

(a) 0.738 mm; (b) See P38.36(b) for full explanation. 

P38.48 

0=14.4° 

P38.40 

0=31.9° 

P38.42 

See P38.42 for full explanation. 

P38.44 

1.11 

P38.46 

) 2014 Cengage Learning. 

(a) 93.3%; (b) 50.0%; (c) 0.00% 
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P38.48 (a) 0.875; (b) 0.789; (c) 0.670; (d) We can get more and more of the 

incident light through the stack of ideal filters, approaching 50%, by 
reducing the angle between the transmission axes of each one and the 
next. 

P38.50 0 =tan _1 —-— or 0 =tan _1 (esc d ) or 0 =cot _1 (sin 0 ) 

p ysm0 c ) 

P38.52 1/8 

P38.54 (a) One slit, as the central maximum is twice as wide as the other 

maxima; (b) 0.122 mm wide 

P38.56 659 nm 

P38.58 (a) 5.63 mm; (b) The assumption is unreasonable. Over a horizontal 

path of 12 km in air, density variation associated with convection 
would make the motorcycles completely unresolvable with any optical 
device. 

P38.60 See P38.60 for full explanation. 

P38.62 See P38.62 for full explanation. 

P38.64 (a-e) See P38.64 for full explanations. 

P38.66 0 =tan _1 j - tan -1 j 

P38.68 (a) D 2 =2.44AL; (b) 428 pm 

P38.70 (a) tan0 =— n 2 ^ g ee P38.70(b) for full explanation, 

it, - n 2 cos p 

P38.72 (a) sirup = ~t =; (b) 0 = 1.39 rad; (c) ^ yj s t e ps (13 with clever 

V2 a 

guessing) 

P38.74 (a) See ANS FIG P38.74; (b) 99.5 pm ±1% 

P38.76 (a) A resolution of about 3 cm would make it difficult to read a license 

plate; (b) No 

P38.78 — J max (l- cos 4 cot) 
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CHAPTER OUTLINE 


39.1 The Principle of Galilean Relativity 

39.2 The Michelson-Morley Experiment 

39.3 Einstein's Principle of Relativity 

39.4 Consequences of the Special Theory of Relativity 

39.5 The Lorentz Transformation Equations 

39.6 The Lorentz Velocity Transformation Equations 

39.7 Relativistic Linear Momentum 

39.8 Relativistic Energy 

39.9 The General Theory of Relativity 

| * An asterisk indicates a question or problem new to this edition.) 


lNSWERS to objective questions 


OQ39.1 (i) Answer (a), (ii) Answer (c). (iii) Answer (d). There is no upper 

limit on the momentum or energy of an electron. As the speed of the 
electron approaches C, the factor y tends to infinity, so both the 
kinetic energy, K =(y-1 )mc 2 , and momentum, p = ymv, tend to 
infinity. 

OQ39.2 Answer (d). The relativistic time dilation effect is symmetric between 
the observers. 

OQ39.3 Answers (b) and (c). According to the second postulate of special 
relativity (the constancy of the speed of light), both observers will 
measure the light speed to be C. 

OQ39.4 Answer (c). An oblate spheroid. The dimension in the direction of 

motion would be contracted but the dimension perpendicular to the 
motion would be unaltered. 


833 
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OQ39.5 Answer (e). The astronaut is moving with constant velocity and is 

therefore in an inertial reference frame. According to the principle of 
relativity, all the laws of physics are the same in her reference frame 
as in any other inertial reference frame. Thus, she should experience 
no effects due to her motion through space. 

OQ39.6 Answer (b). The dimension parallel to the direction of motion is 
reduced by the factor y and the other dimensions are unchanged. 

OQ39.7 (i) Answer (c). The Earth observer measures the clock in orbit to 

run slower. 

(ii) Answer (b). They are not synchronized. They both tick at the 
same rate after return, but a time difference has developed 
between the two clocks. 

OQ39.8 Answer (a) > (c) > (b). The relativistic momentum of a particle is 
p =^E 2 - E\ j c, where E is the total energy of the particle, and 
E r =mc 2 is its rest energy (E R = 0 for the photon). In this problem, 
each of the particles has the same total energy E . Thus, the particle 
with the smallest rest energy (photon < electron < proton) has the 
greatest momentum. 

OQ39.9 Answers (d) and (e). The textbook refers to the postulate summarized 
in choice (d) as the principle of relativity, and to the postulate in 
choice (e) as the constancy of the speed of light. 

OQ39.10 Answer (b). By the postulate of the constancy of the speed of light, 
light from any source travels in vacuum at speed C. 


lNSWERS to conceptual questions 


CQ39.1 The star and the planet orbit about their common center of mass, 

thus the star moves in an elliptical path. Just like the light from a star 
in a binary star system, the spectrum of light from the star would 
undergo a cyclic series of Doppler shifts depending on the star's 
speed and direction of motion relative to the observer. The repetition 
rate of the Doppler shift pattern is the period of the orbit. 

Information about the orbit size can be calculated from the size of the 
Doppler shifts. 

CQ39.2 Suppose a railroad train is moving past you. One way to measure its 
length is this: You mark the tracks at the cowcatcher forming the 
front of the moving engine at 9:00:00 AM, while your assistant marks 
the tracks at the back of the caboose at the same time. Then you find 
the distance between the marks on the tracks with a tape measure. 
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CQ39.3 

CQ39.4 


CQ39.5 

CQ39.6 


CQ39.7 


You and your assistant must make the marks simultaneously in your 
frame of reference, for otherwise the motion of the train would make 
its length different from the distance between marks. 

(a) Yours does. From your frame of reference, the clocks on the 
train run slow, so the symphony takes a longer time interval to 
play on the train. 

(b) The observer's on the train does. From the train's frame of 
reference, your clocks run slow, so the symphony takes a longer 
time interval to play for you. 

(c) Each observer measures his symphony as finishing first. 

Get a M r. T ompkins book by George Gamow for a wonderful fictional 
exploration of this question. Because of time dilation, your trip to 
work would be short, so your coffee would not have time to become 
cold, and you could leave home later. Driving home in a hurry, you 
push on the gas pedal not to increase your speed by very much, but 
rather to make the blocks get shorter. Big Doppler shifts in wave 
frequencies make red lights look green as you approach them, alter 
greatly the frequencies of car horns, and make it very difficult to tune 
a radio to a station. High-speed transportation is very expensive 
because a small change in speed requires a large change in kinetic 
energy, resulting in huge fuel use. Crashes would be disastrous 
because a speeding car has a great amount of kinetic energy, so a 
collision would generate great damage. There is a five-day delay in 
transmission when you watch the Olympics in Australia on live 
television. It takes ninety-five years for sunlight to reach Earth. 
Acceleration is indicated by a curved line. This can be seen in the 
middle of Speedo's world-line in Figure 39.11, where he turns 
around and begins his trip home. 

(a) Any physical theory must agree with experimental 
measurements within some domain. Newtonian mechanics 
agrees with experiment for objects moving slowly compared to 
the speed of light. Relativistic mechanics agrees with 
experiment for objects moving at relativistic speeds. 

(b) It is well established that Newtonian mechanics applies to 
objects moving at speeds a lot less than light, but Newtonian 
mechanics fails at relativistic speeds. If relativistic mechanics is 
to be the better theory, it must apply to all physically possible 
speeds. Relativistic mechanics at nonrelativistic speeds must 
reduce to Newtonian mechanics, and it does. 

No. The principle of relativity implies that nothing can travel faster 
than the speed of light in a vacuum, which is 300 Mm/s. The electron 
would emit light in a conical shock wave of Cerenkov radiation. 
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CQ39.8 

CQ39.9 

CQ39.10 

CQ39.11 

CQ39.12 


According to p =ymu, doubling the speed U will make the 

momentum of an object increase by the factor 2 

As the object approaches the speed of light, its kinetic energy grows 
without limit. It would take an infinite investment of work to 
accelerate the object to the speed of light. 

A microwave pulse is reflected from a moving object. The waves that 
are reflected back are Doppler shifted in frequency according to the 
speed of the target. The receiver in the radar gun detects the reflected 
wave and compares its frequency to that of the emitted pulse. Using 
the frequency shift, the speed can be calculated to high precision. Be 
forewarned: this technique works if you are either traveling toward 
or away from your local law enforcement agent! 

Running "at a speed near that of light" means some other observer 
measures you to be running near the speed of light. To you, you are 
at rest in your own inertial frame. You would see the same thing that 
you see when looking at a mirror when at rest. The theory of 
relativity tells us that all experiments will give the same results in all 
inertial frames of reference. 

(i) Solving for the image location q in terms of the object location p 
and the focal length f gives 



We note that when p = f, the image is formed at infinity. Let us, 
for example, take an object initially a distance p, = 2 f from the 
mirror. Its speed, in approaching f in a finite amount of time is 

om e=lMzL-L 

At At At 

At the same time, the location of the image moves from 
cji =(2/)/ / (2/ - /) =2/ to q f = °°, i.e., covering an infinite 
distance in a finite amount of time. The speed of the image thus 
exceeds the speed of light C. 

(ii) For simplicity, we assume that the distant screen is curved with 
a radius of curvature R . The linear speed of the spot on the 
screen is then given by v = coR , where co is the angular speed of 
rotation of the laser pointer. With sufficiently large co and R , the 
speed of the spot moving on the screen can exceed C. 
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(iii) Neither of these examples violates the principle of relativity. In 
the first case, the image transtions from being real to being 
virtual when p = f. In the second case, we have the intersection 
of a light beam with a screen. A point of tranition or intersection 
is not made of matter so it has no mass, and hence no energy. A 
bug momentarily at the intersection point could squeak or 
reflect light. A second bug would have to wait for sound or light 
to travel across the distance between the first bug and himself, 
to get the message; neither of these actions would result in 
communication reaching the second bug sooner than the 
intersection point reaches him. 

CQ39.13 Special relativity describes the relationship between physical 

quantities and laws in inertial reference frames: that is, reference 
frames that are not accelerating. General relativity describes the 
relationship between physical quantities and laws in all reference 
frames. 

CQ39.14 Because of gravitational time dilation, the downstairs clock runs 

more slowly because it is closer to the Earth and hence in a stronger 
gravitational field than the upstairs clock. 


SOLUTIONS TO END-OF-CHAPTER PROBLEMS 


Section 39.1 The Principle of Galilean Relativity 

P39.1 By Equation 4.20, u PA = u PB + v BA , with motion in one dimension, 

^baseball, ground ^baseball, truck ^ truck, ground 

^baseball, ground = “20.0 Hl/S + 10.0 m/s = -10.0 m/s 


In other words, |10.0 m/s toward the left in Figure P39.lj . 

P39.2 In the laboratory frame of reference, Newton's second law is valid: 

F =ma. Laboratory observer 1 watches some object accelerate under 
applied forces. Call the instantaneous velocity of the object v, =v G1 
(the velocity of object 0 relative to observer 1 in laboratory frame) and 

its acceleration =a, . A second observer has instantaneous velocity 
dt 1 3 

v 21 relative to the first. In general, the velocity of the object in the 
frame of the second observer is 


v 9 = v n7 = v n . 


tv„ = v, -v 71 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 




838 


Relativity 


P39.3 


(a) If the relative instantaneous velocity v 21 of the second observer is 
constant, the second observer measures the acceleration 
- _rfv 2 _dv 1 _ 

32 dt _a ' 


This is the same as that measured by the first observer. In this 
nonrelativistic case, they measure the same forces and masses as 
well. Thus, the second observer also confirms that F =raa. 

(b) If the second observer's frame is accelerating, then the 

instantaneous relative velocity v 21 is not constant. The second 
observer measures an acceleration of 


a 2 


dv 2 _d(v j -v 21 ) 

'~dt It 


d(vj 

a i 


where 


d(vn) 

dt 


The observer in the accelerating frame measures the acceleration 
of the mass as being a 2 =a 1 - a'. If Newton's second law held for 
the accelerating frame, that observer would expect to find valid 
the relation F 2 =ma 2 , or F, =ma 2 (since F, =F 2 and the mass is 
unchanged in each). But, instead, the accelerating frame observer 
finds that F 2 =ma 2 - ma', which is not Newton's second law. 




From the triangle in ANS. FIG. P39.3, 

' 29.8 xlO 3 m/s "j 
2.998 x10 s m/s J 

=|5.70xl0~ 3 degrees =9.94 x!0~ 5 rad| 


Magnitude: \c 2 - v 2 



ANS. FIG. P39.3 
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P39.4 


In the rest frame. 

Pi =m l v li +m 2 v 2i =(2 000 kg)(20.0 m/s) +(l 500 kg)(0 m/s) 
=4.00 x 10 4 kg • m/s 

p f =[m 1 +m 2 )v f =(2 000 kg +1500 kg)v f 
Since p t =p fr 


4.00 x 10 4 kg • m/s 


= 11.429 m/s 


f m 1 + m 2 2 000 kg +1500 kg 
In the moving frame, these velocities are all reduced by +10.0 m/s. 
v'i =v ri - v' =20.0 m/s - (+10.0 m/s) =10.0 m/s 
v 2i =v 2i - v' =0 m/s - (+10.0 m/s) =-10.0 m/s 
v'f =11.429 m/s-(+10.0 m/s) =1.429 m/s 
Our initial momentum is then 


p' =m l v[ i +m 2 v' 2i 

=(2 000 kg)(l 0.0 m/s ) +(l 500 kg)(-10.0 m/s) 

=5 000 kg • m/s 

and our final momentum has the same value: 

p) =(2 000 kg +1500 kg)v' f =(3 500 kg)(1.429 m/s) 
=5 000 kg • m/s 


Section 39.2 The Michelson-Morley Experiment 

Section 39.3 Einstein's Principle of Relativity 

Section 39.4 Consequences of the Special Theory of Relativity 

P39.5 In the rest frame of the spacecraft, the Earth-star gap travels past it at 
speed U. The distance from Earth to the star is a proper length in the 
Earth's frame: 



Solving for the speed of the spacecraft gives. 
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P39.6 


P39.7 


(a) The length of the meter stick measured by the observer moving at 
speed v = 0.900 C relative to the meter stick is 

L =L p /y =L p ^]l-(v/c) 2 =(l.00 m)^l-(0.900) 2 = | 0.436 m | 

(b) If the observer moves relative to Earth in the direction opposite 
the motion of the meter stick relative to Earth, the velocity of the 
observer relative to the meter stick is greater than that in part (a). 
The measured length of the meter stick will be [less than 0.436 ntj 
under these conditions, but so small it is unobservable. 

A clock running at one-half the rate of a clock at rest takes twice the 
time to register the same time interval: At =2 A t p . 


At 


. At P 

‘[I -M 2 f 


For At=2At p> 


so 


v =c 1 - 



,1/2 



= | 0 . 866 c| 


P39.8 


For -=0.990, y =7.09. 
c 

(a) The muon's lifetime as measured in the Earth's rest frame is 

4.60 x 10 3 m 
0.990(3.00 x10 s m/s) 

=1.55 x 10 - 5 s =15.5 jus 

and the lifetime measured in the muon's rest frame is 

^=7=^ (15 - 5 ^=S 

(b) In the muon's frame, the Earth is approaching the muon at speed 
V = 0.990c. During the time interval the muon exists, the Earth 
travels the distance 


., L p 4.60 km 

At =— =- 

v 0.990c 


y yv 7 

=(4.60xl0 3 m K/l- (0.990 ) 2 =[649 m~| 
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P39.9 


P39.10 


P39.ll 


From Equation 39.9 for length contraction, 

we solve for the speed v of the meterstick: 




Taking L — 


h 

2 


where, L p = 1.00 m, gives 



(a) 


The time interval between pulses as measured by the astronaut is 
a proper time: 


At p 


i 


1 min 
75.0 beats 


The time interval between pulses as measured by the Earth 
observer is then: 


At =yAt p 


1 { 1 ir ^ n 1 
Jl- (0.500 f V 75 -° beats J 


=1.54 x 10 2 min/beat 


Thus, the Earth observer records a pulse rate of 

— =— =^1- (0.500 f( 75 ‘° beats ] =1 65.0beats/min 
At yAt p ' { 1 min J I- 


(b) From part (a), the pulse rate is 


1 _ 1 
A t~W P 


=Jl- (0.990) 2 f 75 ‘° beats ] =|l0.5beats/min| 
y 1 min J ' - 1 


That is, the life span of the astronaut (reckoned by the duration of 
the total number of his heartbeats) is much longer as measured by 
an Earth clock than by a clock aboard the space vehicle. 

For the light as observed, X =650 nm and X' =520 nm. From Equation 
39.10, 


f,= r 


ll + v/c f _ ll + v/c c 
yl-v/c y 1 -v/c X 
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P39.12 


P39.13 


Solving for the velocity, 
ll + v/c _ X 


Then, 


- 1 + ^7 = ^ 


f 650 nm ^ 
_ v 520 nm ) 


m 


f 650 nm A 
^ V 520 nmj 


or v = | 0.220c | =6.59 x 10 7 m/s 

The spacecraft are identical, so they have the same proper length; thus, 
your measurements and the astronaut's measurements are reciprocal. 

(a) You measure the proper length of your spacecraft to be 


L =20.0 m 


(b) You measure the length L of the astronaut's spacecraft to be 


L =19.0 m 


(c) From the astronaut's measurement of the length L of your 
spacecraft. 


L =- L =L„Jl-| — 

7 

we solve for the speed of the astronaut's spacecraft relative to 
yours: 



The astronaut's measured time interval is a proper time in her 
reference frame. Therefore, according to an observer on Earth, 


At =y At p = 


,/l-(e/c) 2 Vl-(O.SOO) 2 
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P39.14 


P39.15 


*P39.16 


*P39.17 


From the definition of y, 
1 


we solve for the speed: 




The observer measures the proper length of the tunnel, 50.0 m, but 
measures the train contracted to length 


L =L p ^j 1~ =100 m^/l-(0.950) 2 =31.2 m 
shorter than the tunnel by 50.0 - 31.2 = 18.8 m. 


The trackside observer measures the length to be 31.2 m, so the 
supertrain is measured to fit in the tunnel, with 18.8 m to spare. 


(a) The lifetime of the pi meson measured by an observer on Earth is 
given by 


Af =yAt p 


,/l-(l>/c) 2 Vl-(0-98 f 


= 1.3xl0' 7 s 


(b) The distance travelled before the meson decays is 

d =vAt =0.98(3.0xlO 8 m/s)(l.3xl0“ 7 s) = |38m| 

(c) In the absence of time dilation, the meson would travel a distance 

d =vAt =0.98(3.0xlO 8 m/s)(2.6xl0“ 8 s) = |7.6 m| 

(a) The 0.800c and the 20.0 ly are measured in the Earth frame, 
so in this frame, 

1 c } 


t = x _20.0 ly ( 20.0 ly V 

v 0.800c 10.800c Jl^l 


iy/yrj 


= 25.0 yr 


(b) We see a clock on the meteoroid moving, so we do not measure 
proper time; that clock measures proper time. 

At =yAt : 


25.0 yr 


~r i/VTvF 


25.0 yrVl-0.800 2 


=25.0 yr (0.600)= 15.0 yr 
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*P39.18 


P39.19 


P39.20 


(c) Method one: We measure the 20.0 ly on a stick stationary in our 
frame, so it is proper length. The tourist measures it to be 
contracted to 


L Jyv_ 20.0 ly 


_ 20.0 ly _ 


12.0 ly 


7 l/Vl-0.800 2 1-67 

Method two: The tourist sees the Earth approaching at 0.800c: 
(0.800 ly/yr)(l5.0 yr) =| 12.0 ly~| 


The relativistic density is 

E r _ymc 2 _ym _ m 

TV ~~TV ~TT ( Lp ) 3 [l — (w/c ) 2 ] 

s.oo g r——— 7 — n 

(1.00 cmf[l-(0.900) 2 ] I- -1 g/ ^ Cm I 

The spaceship is measured by the Earth observer to be length- 
contracted to 


rz 

or 

L 2 =L 2 fl-41 

V C 2 


y c 2 ) 


Also, the contracted length is related to the time required to pass 
overhead by 

L=vAt or L 2 =v 2 [At) 2 =T-( c At) 2 
c 

Equating these two expressions gives L 2 - L 2 T- =(cAtf 
or [l 2 +(cAf) 2 ]^-=L 2 

Using the given values L p = 300 m and At =0.750 x 10” 6 s, this becomes 
(l.41 x 10 5 m 2 )T =9.00 x 10 4 m 2 
giving v = | 0.800c | 

The spaceship is measured by Earth observers to be of length L, where 


L =L p 
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P39.21 


and L =vAt 


rz 

and v 2 At 2 =L 2 (1 - ) 

V c 2 

P { c ) 


Solving for V, 


v 2 At 2 + •., = L 


" yjc 2 At 2 + L 2 


(a) When the source moves away from an observer, the observed 
frequency is 


\ 1/2 f \ \ 

-} =f °~ VS 
v) J {c + v S ; 


f '- f {= 

where v =v sowce =—v s because the source is moving away from 
the observer. 

When v s <zc, the binomial expansion gives 

ter-H?)rH?r 

so, /■-/(.-a) 

The observed wavelength is found from c —X'f —Xf : 

A , _Xf r Xf X 

f /(l-®s/c) 1 -%t c 

AX =X' - X =xf — 1 -ll =x( Vs/C ) 

U-^s/c J [l-Vs/c] 


Since 1 —- = 1, 


AX ~ v s 
X c 


(b) We use the equation from part (a) with the given values: 

f f 20.0 nm'l i i 

v q =c\ — =c\ - = 0.050 4c 

s { X ) v 397 nm J < -1 
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P39.22 


P39.23 


We find Cooper's speed from Newton's second law: 
GMm _mv 2 

r 

Solving, 


r gm r _ 

"(6.67X1CT 11 N■ m 2 /kg 2 )(5.98x 10 24 kg)" 

\(k+mJ 

(6.37 x 10 6 m+0.160 xlO 6 m) 


=7.82 x 10 3 =7.82 km/s 
Then the time period of one orbit is 

r= 2,( R + ft) = 2,(6.53xloV) = 5 25xl0 3 s 
v 7.82xl0 3 m/s 
(a) The time difference for 22 orbits is 


At-At p =(y-l)Af 


H 


(22 T) 


1+ l^-il(22r)=lf 7 - 82xl °: m/s l 2 

2 c 2 ) 2 ^ 3.00 x10 s m/s J 

x22(5.25xl0 3 s)= |39.2jLis| 

(b) For each one orbit Cooper aged less by 
At - At = 39 ' 2 ^ =1.78 Ids 

V 22 r 1 

The press report is [accurate to one digit] . 

(a) The mirror is approaching the source. Let f m be the frequency as 
seen by the mirror. Thus, 


After reflection, the mirror acts as a source, approaching the 
receiver. If f is the frequency of the reflected wave. 

Combining gives 


r=—f 

c-v 
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P39.24 


(b) Using the above result, the beat frequency is 

/(S-) 


_rf c +U-(c-u) > | _ 


_ ( 2v ^ __ 2v _ 2v 
\c-v) c c/f 


/beat f 

V 

f =— 

J beat ^ 

(c) The wavelength is 

c = 3.00xl0 8 m/s 
/ 10.0 xlO 9 Hz 

The beat frequency is therefore, 

=— = (2)(30- 0m /s) =2 00Q Hz = | 2 .00 kHz| 

Jbeat X (0.030 0 m) 1 - 1 

f, r 

(d) From part (b), v = ^ , so 

Af h t X (5.0 Hz)(0.030 0 m) 

Av = Jbeat =- 5 -- 

2 2 

= | 0.075 0 m/s « 0.17 miTh] 

(a) In the Earth frame, Speedo's trip lasts for a time 

. Ax 20.0 ly _. 

At = iS|p=- - =21.05 yr 

v 0.950c J 

Speedo's age advances only by the proper time interval 

Af p =y =21.05 yr^/l-(0.950) 2 =6.574 yr 

during his trip. Similarly for Goslo, 

At =— ll-^ = 20-0 ly ^1- (0.750) 2 =17.64 yr 
p v\ c 2 0.750 ly/yr * V ' J 

While Speedo has landed on Planet X and is waiting for his 
brother, he ages by 

20.0 ly 20.0 ly 


0.750 ly/yr 0.950 ly/yr 


=5.614 yr 
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From their departure to when the twins meet, Speedo has aged 
(6.574 yr + 5.614 yr) = 12.19 yr, and Goslo has aged 17.64 years, 
for an age difference of 

17.64 yr - (6.574 yr +5.614 yr) = |5.45yr| 

(b) | Goslo | is older. 

P39.25 This problem is slightly more difficult than most, for the simple reason 
that your calculator probably cannot hold enough decimal places to 
yield an accurate answer. However, we can bypass the difficulty by 
noting the approximation 



Squaring both sides shows that when v/c is small, these two terms are 
equivalent. 


We evaluate — = 
c 


o 

X 

o 

o 

o 

! m/h 

[ lh 1 

o 

X 

o 

o 

CO 

m/s J 

[3 600 s ) 


= 9.26 x 1CT 7 


From Equation 39.7, the dilated time interval is 


At = yAt p 



Rearranging, our approximation yields 



and At - At,, =-^-A t 
p 2 c 2 

Substituting, 

(9.26 x 1CT 7 ) 2 

At - At v = ----—(3 600 s) 

Thus, the time lag of the moving clock is 

At - At p =1.54 x 10" 9 s = | 1.54 ns | 
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P39.26 The orbital speed of the Earth is as described by Newton's second law: 

GOTcOTp OTpU 2 


XF =ma: 

Solving for the speed. 


_ Gm s _ 


(6.67xlCT 11 Nm 2 /kg 2 )(l.99xl0 3 ° kg) 


1.496x10” m 

=2.98 xlO 4 m/s 

The maximum frequency received by the extraterrestrials is 

1 1 +v/c 
Jmax J ]jl-v/c 

I „ x Il+(2.98xl0 4 m/s)/(3.00xl0 8 

V 'p-(2.98xlO 4 m/s)/(3.00xl0 8 

=57.00566xlO 6 Hz 
The minimum frequency received is 
fl+v/c 


m/s) 

m/s) 




l-y/c 
=(57.0xlO 6 Hz) 


1 1-(2.98xlO 4 m/s)/(3.00xl0 8 m/s) 
yi +(2.98xlO 4 m/s)/(3.00xl0 8 m/s) 
=56.99434xlO 6 Hz 

The difference, which allows them figure out the speed of our planet, is 
(57.00566-56.99434)x 10 6 Hz =1 1.13xlO 4 Hz I 


Section 39.5 The Lorentz Transformation Equations 

P39.27 (a) From the Lorentz transformation, the separations between the 

blue-light and red-light events are described by 

Ax' =y(Ax-vAt): 0 =y[2.00 m-u(8.00x 10~ 9 s)] 


2.00 m 
8.00xlO" 9 s 


=|2.50xl0 8 m/s] 
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P39.28 


^1- (2.50 x10 s m/s)y(3.00xl0 8 m /s ) 2 
(b) Again from the Lorentz transformation, x' =7 (x-vt): 

x' =1.8l[3.00 m- (2.50 x 10 8 m/s)(l.00x 10 ~ 9 s)] = |4.98m| 

(c> t ' = y{ t -7 x } 

(2.50x10* m/s), 


t' =1.81 


(3.00 xlO 8 m/s] 


r (3.00r 


t' lffjS f 1 - 


Let Shannon be fixed in reference from S and see the two light- 
emission events with coordinates x 1 = 0, t 1 = 0, x 2 = 0, t 2 = 3.00 /is. Let 
Kimmie be fixed in reference frame S' and give the events coordinate 
x' =0, t[ =0, t ' 2 =9.00 IJs. 


(a) Then we have 



9.00 /is = , 1 (3.00 /js-0) 

^l-v 2 /c 2 


1 

3 

\v =0.943cl 

(b) The coordinate separation of the events is 
Ax' =x'-x; =y[(x 2 -x 1 )-v(t 2 -t 1 )] 

=3[0- {0.943c)( 3 .00 x 10^ s)] f 3 -°° X ^ m/s j 
=-2.55 x 10 3 m 
|Ax'| = |2.55xl0 3 m) 

The later pulse is to the left of the origin. 
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P39.29 The rod's length perpendicular to the motion is the same in both the 
proper frame of the rod and in the frame in which the rod is moving- 
our frame: 


l y =£sm6 =£py 

where t Py is the y component of the proper length. 

We are given: l =2.00 m, and 6 =30.0°, both measured in our 
reference frame. Also, 

r = , 1 fe,:. , 1 » 10.0 

y]l-v 2 /c 2 Vl-0.995 2 

As observed in our frame, 

£ x =£cos6 =(2.00 m)cos30.0° =1.73 m 
and l y =f sin 6 =(2.00 m)sin30.0° =1.00 m 


£ 

£ Px is a proper length, related to l x by i x =—. 

7 

Therefore, £ Px =10.0^ =17.3 m 

and £ Py =£ y =1.00 m 


(a) l r =J(eJ 2 +(< + (<J 2 = l!7.4m| 


(b) In the proper frame. 


f £ Pv) 1 

=tan 

—— =tan 

(tan 30.0 °^| 

W) 

K yl XJ 

l 7 J 


*P39.30 (a) 


L 2 =L 2 0x + L 2 0y andL 2 =L 2 x + L 2 y . 

Since the motion is in the X direction, the length of the rod in the y 
direction does not change: L y =L 0y =L 0 sin 6 0 and 


=(L 0 cose 0 )^l -(^) 2 

Thus, 

L 2 =L 2 cos 2 0 O |^1- |-J j+L 2 sin 2 0 o =L 2 |^1-|-J cos 2 0 o j 
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P39.31 


L =L n 1- - cos 2 0 n 


L„ L n „ 

(b) tan# =y~ =- . J 


y tan 0 O 


We use the Lorentz transformation equations 39.11. In frame S, we 
may take t = 0 for both events, so the coordinates of event A are (x = 
50.0 m, y = 0, z = 0, t = 0), and the coordinates of event B are (x = 150 m, 
y = 0, Z = 0, t = 0). The time coordinates of event A in frame S' are 


t' A =7 t A — ' t x A 


-y/l- (0.800 f 


f0-^(l50 m! 


=1.667 - 


120 m 


3.00 xlO 8 m/s J 
=-6.67 x 10~ 7 s 

The time coordinates of event B in frame S' are 


t' B =Y V 


>/l- (0.800) : 

=1.667 ( 40 ' 0m 


0 _O 800 c (500r 


3.00xlO 8 m/s 
=-2.22 x 10 -7 s 

We see that event B occurred earlier. The time elapsed between the 
events was 

/ v v 

At =t A -t B =71 Af-^-AxI =-y^-Ax 

80.0 m 


=-1.667 


3.00xl0 8 m/s 


=-4.44 x 10~ 7 s = | 444 ns | 
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Section 39.6 
P39.32 


The Lorentz Velocity Transformation Equations 


Take the galaxy as the unmoving frame. 
Arbitrarily define the jet moving upward to 
be the object, and the jet moving downward 
to be the "moving" frame: 

u' x = velocity of other jet in 
frame of jet 

U x = velocity of other jet in 
frame of galaxy center 
= 0.750c 


u x / * 


r 


ANS. FIG. P39.32 


V = speed of galaxy center in frame of jet = -0.750c 

From Equation 39.16, the speed of the upward-moving jet as measured 
from the downward-moving jet is 

, u x - v = 0.750c - (-0.750c) = 1.50c 

Ux ~ l-u x v/c 2 ~ 1 - (0.750c)(-0.750c)/c 2 “ 1 + 0.750 2 
= 10.960c | 


P39.33 The question is equivalent to asking for the speed of the patrol craft in 
the frame of the enemy craft. 

u' x = velocity of patrol craft in frame of enemy craft 
u x = velocity of patrol craft in frame of Earth 
v = speed of Earth in frame of enemy craft 
From Equation 39.16, 

, u — v 0.900c-0.800c i . i 

x l-u x v/c 2 1- (0.900)(0.800) 1 - 1 

*P39.34 Let frame S be the Earth frame of reference. Then V = -0.700c. 

The components of the velocity of the first spacecraft are 
u x =(0.600c)cos50.0° =0.386c 
and u y =(0.600c)sin50.0° =0.460c. 


As measured from the S' frame of the second spacecraft, 
, _ u x -v _ 0.386c-(-0.700c) 


l-U x v/l 
_ 1.086c _ 
= 1.27 


2 l-[(0.386c)(-0.700c)/c : 

:0.855c 
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and 

, _ u y _0.460cVl- (0.700 f 
Uy y(l-u x v/c 2 ) 1-(0.386) (-0.700) 

^). 460 C ( 0 . 714) =0 258c 
1.27 

The magnitude of u' is V(0.855c) 2 +(0.285c) 2 =| 0.893c | 

and its direction is at tan -1 (] =1 16.8° above the x' axis I. 

\ 0.855c/ I-1 

*P39.35 Taking to the right as positive, it is given that the velocity of the rocket 
relative to observer A is v RA = +0.92C. If observer B observes the rocket 
to have a velocity i/ RB = -0.95c, the velocity of observer B relative to the 
rocket is V BR = +0.95C. The relativistic velocity addition relation then 
gives the velocity of B relative to the stationary observer A as 


or 


u br +u ra _ -Kk95c 4-0.92c 
1 + PbrPra ~ 1 ! (0.95c )(0.92c| 

r 2 r 2 


=40.998c 


10.998c toward the right | 


Section 39.7 Relativistic Linear Momentum 

P39.36 (a) p =ymu; for an electron moving at 0.010 0c, 


, =1.000 05 - 1.00 


^l-(u/c ) 2 ^I-(O.OIOO ) 2 
Thus, p =1.00(9.11 xlO " 31 kg)(0.010 0)(3.00xl0 8 m/s) 


p = 2.73 x 10 kg-m/s 


(b) Following the same steps as used in part (a), we find at 0.500c, 
y= 1.15 and 


p = |l.58x 10~ 22 kg-m/s| 
(c) At 0.900c, 7 = 2.29 and 

p = | 5.64 x 10~ 22 kg - m/s | 
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P39.37 (a) The momentum condition 

p =ymu =3 mu -> y =3 
From the definition of y, 


y = i-- -> u=cll —^ 

V r 2 

m =cj 1-4 =c,/^ = —c =0.943c =2.83 x 10 8 m/s 
1 3 2 \9 |_3_ _ 

(b) From part (a), we see the mass of the particle drops out. 
[The result would be the same] , 

!f 'P39.38 From the definition of relativistic linear momentum. 


which gives: 


1 and u= 


!f 'P39.39 (a) Classically, 

p =mv =m(0.990c)=(l.67xlCT 27 kg)(0.990)(3.00xl0 8 m/s) 
= |496xl0~ 19 kg-m/s| 

(b) By relativistic calculations, 

^ _ mu _ m (0.990c) 

P_ Vl-(«/c) 2 _ Vl-(0.990) 2 
_ (l.67xl0~ 27 kg)(0.990)(3.00xl0 8 m/s) 

>/l- (0.990 ) 2 
= |3.52xl0~ 18 kg-m/s| 

(c) | No I , neglecting relativistic effects at such speeds would 
introduce an approximate 86% error in the result. 
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P39.40 We can express the proportion relating the speeding fine to the excess 

F (p« — P 90 km/h ) 


momentum as 


Jl^(uic) 2 


— =t -r, where F is the fine, 

>o0.0 \Pl90 km/h — P 90 km/h) 

is the magnitude of the vehicle's momentum at speed 


il, and C = 1.08 x 10 km/h. After substitution of the expression for 
momentum, the proportion becomes 


F 

mu m(90.0km/h) 


ijl-(u/c) 2 yjl- (90.0 km/h/cf 

$80.0 

m(l90.0 km/h) m[ 90.0 km/h) 

^1-(l90.0 km/h/c) 2 ^1-(90.0 km/h/c) 2 




-(90.0 km/h) 


100.0 km/h 


(a) For U = 1 090 km/h. 


(l 090 km/h) 


p ^1 - (l 090 km/h/l.08 x 10 9 km/h)' 

$80.0 ~ 100.0 km/h 

(1 090 km/h)-(90.0 km/h) _1 000 km/h 


-(90.0 km/h) 


100.0 km/h 


100.0 km/h 


F = 


(b) For u = 1 000 000 090 km/h, 
1 


$80.0 ^100 km/h 

[■ 


(1000 000 090 km/h) 


F 

$80.0 = 


Jl - (l 000 000 090 km/h/1.08 x 10 9 km/h) 2 

-(90.0 km/h)] 

(2.648)(l 000 000 090 km/h)-(90.0 km/h) 

100.0 km/h 


F = $2.12x 10 9 
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P39.41 The ratio of relativistic to classical momentum is 


ip-mu _ 
mu mu 

From the definition of 7, 

1 


7-1 = 


fi-lu/cf 


- =7-1 


-l~l+-f- 

2 


‘-H;T 


The ratio is then 


p-mu _ If 90.0 m/s f = | 4 . 51xl0 -i*| 
mu 2 { 3.00 x10 s m/s J ' - 1 


P39.42 Using the relativistic form, p = mu == =y mUf we fi nc [ the 

y/l-(u/c) 2 

difference A p from the classical momentum, mu: 

Ap =7 mu-mu =(y-l)mu 

(a) The difference is 1.00% when (7 -1 )mu =0.010 0 ymu: 

1 1 
r "0-990 ‘^I(^f 

thus, 

1-^-j =(0.990) 2 , and m = |0.141c] 


(b) The difference is 10.0% when (7 -l)mu =0.100 ymu: 


1 

0.900 


1 

y/'L-M 2 


thus, 1 - 


Q =(0.900) 2 


and u = | 0.436c | 


P39.43 


Relativistic momentum of the system of fragments must be conserved. 
For total momentum to be zero after as it was before, we must have, 
with subscript 2 referring to the heavier fragment, and subscript 1 to 
the lighter, p 2 = p v 


or y 2 m 2 u 2 


2.50 x 10~ 28 kg 
^1- (0.893 ) 2 


x (0.893c) 
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(l.67 x 10“ 27 kg )u 


=(4.960 x 10' 28 kg)c 


Proceeding to solve, we find 


1.67 x 10 u 2 | _ u 2 
4.960 xlO' 28 7 J 7 


12.3 Hr =1 and u 7 =10.285c I 


Section 39.8 Relativistic Energy 

*P39.44 We use the equation AE =(y , - y 2 )mc 2 . For an electron, 
me 2 =0.511 MeV. 

(a) AE= J 7 --- T -J 7 ---r me 2 =1 0.582 MeV I 

( V (1-0.810) \ (1-0.250) J 1 - 1 


(b) AE = J -—^-ry - J --- \mc 2 =1 2.45 MeV I 

KJ (]l 1- (0.990 ) 2 Vl- 0.810 J 1 - 1 

*P39.45 (a) K=E-E r =5E r 

E =6E r =6(9.11 x 10“ 31 kg)(3.00xl0 8 m/s) 2 =4.92 xlO" 13 J 


(b) E =ymc 2 =yE R 

Thus, / =yr =6 ^ ^ which yields | u =0.986c | 

E K yi — u/c 

P39.46 (a) To find the speed of the protons with E =ymc 2 =400 me 2 , we 


S °' U= Y~(400f =| 0 " 9997C | 
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P39.47 


P39.48 


(b) From Example 39.9, for a proton, me 2 = 938 MeV. Then 
K =(y-l)mc 2 =399(938 MeV) = 3.74xl0 5 MeV] 

At U = 0.950c, it will be useful to know the gamma factor: 

7 = . 1 = . 1 =3.20 

y/l - u 2 /c 2 yj 1 - 0.950 2 

(a) The rest energy is 

E r =mc 2 =(l.67 x 10~ 27 kg)(2.998 x 10 8 m/s) 2 
=1.50 x 10“ 10 J 

=1 - 50xir " J (i^^) = ™3 

(We use a value for c accurate to four digits so that we can be 
sure to get an answer accurate to three digits. Through the rest of 
the book we will use values for physical constants accurate to 
four digits or to three, whichever we like. We will still quote 
answers to three digits, and you can still think of the last digit as 
uncertain.) 

(b) The total energy is 

E =ymc 2 =yE R =(3.20)(938 MeV) = |3.00 GeV| 

(c) The kinetic energy is 

K=E-E r =3.00 GeV - 938 MeV = |2.07GeV| 

(a) Using the classical equation, 

K =^mu 2 =^(78.0 kg)(l.06x 10 5 m/s) 2 = |4.38xlO u j] 


(b) Using the relativistic equation, K = 


^/t- (m/c 



14.38 x 10" J 


1 (78.0kg)(3.00xl0 8 m/s) 2 
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(c) 


When - 
c 


1, the binomial series expansion gives 


P39.49 




and the relativistic expression for 


kinetic energy becomes K ~ j me 2 =^mu 2 . That is, in the 

limit of speeds much smaller than the speed of light, the 
relativistic and classical expressions yield the same results. In this 
situation the two kinetic energy values are experimentally 
indistinguishable. The fastest-moving macroscopic objects 
launched by human beings move sufficiently slowly compared to 
light that relativistic corrections to their energy are negligible. 


The work-kinetic energy theorem is W =A K =K f - K , which for 
relativistic speeds (u comparable to c) is: 




- 1 \mc 2 - 


ft - u,7c 2 


or, simplified, 

W = 1 1/yjl - u f 2 /c 2 - 1 /yjl - u 2 /c 2 J me 2 


From our specialized equation, 

1 _ 1 

<Jl - 0.750 2 7 1 - °- 50 ° 2 

x (l.67 x 1(T 27 kg)(3.00 x 10 8 m/s f 

W =(1.512 - 1.155)(l.50 x 1CT 10 j) = |5.37 x IQ" 11 !] =336 MeV 

1 _ 1 
^1 - 0.995 2 ^1 - °- 50 ° 2 

(l.67 x 10" 27 kg)(3.00 x 10 8 m/s) 2 
W =(10.01 - 1.155)(l.50 x 10 -10 j) = |l.33x 10~ 9 j] =8.32 GeV 


(b) W = 


(a) W = 
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P39.50 


P39.51 


P39.52 


The relativistic kinetic energy of an object of mass m and speed U 


is K r =| 
ratio is 


1 




i 


= -1 | me 2 . The classical equation is K c =—mu 2 . Their 


y]l~U 2 /c : 


-1 \mc 2 2 




2 mu 
1 


u 2 /c 2 


yjl-U 2 /c 2 ) U 2 /C 


1 

,2 In 2 


K c [ yjl- (0.100 f J(o.ioo) 2 

For still smaller speeds the agreement will be still better. 

Given E = 2mc 2 , where me 2 = 938 MeV from Example 39.9. We use 
Equation 39.27: 

E 2 =fc 2 +(mc 2 f 

[2mc 2 f =p 2 c 2 +[mc 2 ) 2 

4 (mc 2 f =p 2 c 2 +(mc 2 f -> p 2 c 2 =3[mc 2 f 

Solving for the momentum then gives 

p =V3^ =T3 (938 c MeV) — |l.62xlQ 3 MeV/c1 

ieV with me 2 = 0.511 MeV for electrons. 


(a) 

E =ymc 2 = 


Thus, y =- 
0 

(b) 

1 

y - j — t~ 


v 1 — ( M / 

(c) 

L = L fi 


u =c^ 1--2 = | 0.999 999 999 7c | 


- =7.67 x 10' 2 m = |7.67 cm| 
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(a) E =2.86 x 10 5 J leaves the system, so the final mass is | smaller | . 

(b) The mass-energy relation says that E = me 2 . Therefore, 

_E _ 2.86x10 s J 


r = 3.18x10“ 


3.00 x10 s m/s 


3 


(c) | It is too small a fraction of 9.00 g to be measured | . 

The loss of mass in the nuclear reactor is 


E P At 

Am =~2 =— y~ 


_0.800(l.00xl0 9 J/s)(3.00 yr)(3.16xl0 7 s/yr] 
(3.00x10 s m/s) 2 

= | 0.842 kg] 

The power output of the Sun is 


Thus, 


dE d[mc 2 ) dm 

P =— =- =c~ — 

dt dt dt 

dm _ 3.85 x 10 26 J/s 

dt (3.00 x10 s m/s) 2 


=3.85 xlO 26 W 


|4.28xl0 9 kg/s | 


Total energy is conserved. The photon must have enough energy to be 
able to create an electron and a positron, both having the same rest 
mass: 


E y > 2m c 2 =1.02 MeV E y > |l.02MeV| 

P39.57 We use Equation 39.23 for relativistic kinetic energy. 

(a) The change in kinetic energy of the spaceship is the minimum 
energy required to accelerate the spaceship. From Equation 39.23, 
relativistic kinetic energy is given by 

K =(y- l)mc 2 = 
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P39.58 


The change in kinetic energy is then 

AK =(y / -l)mc 2 -(y,-l)mc 2 =(y f ~y l )mc 2 


V 1 - m // c 2 V 1 - tt i/c 2 


=(l.40-l)(2.40xl0 6 kg)(2.998xl0 8 m/sf 
=|8.63xl0 22 j] 


(b) We use Einstein's famous mass-energy relation, and equate the 
rest energy of the fuel to the change in kinetic energy of the 
spacecraft: 

E =mc 2 =AK 


The required mass of fuel is then 


AK 


1 


yjl- (0.700 Y 


-1 (2.40 x 10 6 kg) = | 9.61 x 10 5 kg] 


We are told to start from E =ymc 2 and p =ymu. Squaring both 
equations gives 

E 2 =[ymc 2 f and p 2 =[ymuY 

We choose to multiply the second equation by c 2 and subtract it from 
the first: 


E 2 - p 2 c 2 =[ymc 2 j - ( ymufc 2 
We factor to obtain 

E 2 - p 2 c 2 =y 2 [(mc 2 )(mc 2 ) - ( mc 2 )[mu 2 
Extracting the (/DC 2 ) factors gives 


E 2 -p 2 c 2 =y 2 [mc 2 ) 1 - ^ 
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We substitute the definition of 7 : 



The y 2 factors divide out, leaving 
E 2 - p 2 c 2 =[mc 2 ) 

P39.59 From K =(y-l)mc 2 = , =-l \mc 2 , we have 

{y/l-u 2 ^ 2 J 


K <1 _ 1 _ K + me 2 

me 2 + yjl-if/c 2 me 2 


u 2 _ nfc* 
c 2 ( K+mc 2 f 



( 938 3 2 

(b) Proton: u =c 1-1 J = | 0.065 2c 


(c) 


(d) 


0.979c 


0.065 2c 


In this case the electron is moving relativistically, but the classical 
expression —mv 2 is accurate to two digits for the proton. 


Electron: u=c 


( 0.511 
[2 000.5 


f 938 3 2 ^ 2 

Proton: u=c 1- —— =1 0.948c I 

V 2 938 J 1 - 1 
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P39.60 


P39.61 


Then, 



As the kinetic energies of both particles become large, their 
speeds approach c. By contrast, classically the speed would 
become large without any finite limit. 

The kinetic energy of the car is given by 

K=(y-l)mc 2 =((l -u 2 /c 2 ) 1/2 -lj me 2 
We use the series expansion from Appendix B.5: 

K = me 2 [l + [~\y~ u2 / c2 ) + )|( _m2 / c2 ) 2 + "• “ X ] 


T . 1 2 3 u 

K = —mu +— m—T- + -- 
2 8 c 2 

The actual kinetic energy, given by this relativistic equation, is 

than the classical —mu 2 . 

2 

The difference, for m = 1 000 kg and u = 25 m/s, is 
(25 m/s)' 


= 1(1 000 k § ) 


(3.00xl0 8 m/s) 2 


=1.6x 10 J |~ 10 J| 


We use, together, both the energy version and the momentum version 
of the isolated system model. By conservation of system energy, 

m n c 2 = ym^c 2 + \p^\c 
By conservation of system momentum: 


Vv = ~Pu —~Y m n U 

Substituting the second equation into the first, 
m n c2 = Y m l f 2 + ym^uc 
Simplified, this equation then reads 
m K =m IJ (y +yu/c ) 
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P39.62 


Substituting the masses, 

273m e = (207m e )(y + yu/c) 
where the rest energy of an electron is 
me 2 =0.511 MeV 


Numerically, 

273m 


1 + u/c 


1 + u/c 


20 7m e _ ( M / C )2 \ 1 - u/c 

Solving for the muon speed, 
u 273 2 - 207 2 


c 273 + 207 


Therefore, 


Vi - « 2 /c 2 

(a) and the muon's kinetic energy is 

=(0.038 5)(207 x 0.511 MeV) = |4.08 MeV| 

(b) The energy of the antineutrino is 

= (273 x 0.511 MeV) - (207 x 0.511 MeV + 4.08 MeV) 


= 29.6 MeV 


(a) The initial system is | isolated | . 


(b) 


Isolated system: conservation of energy, and isolated system: 
conservation of momentum. 


(c) We must conserve both energy and 

relativistic momentum of the system of 
fragments. With subscript 1 referring to 
the 0.987c particle and subscript 2 to the 
0.868c particle. 


71 = 


7 2 = 


1 


Vl-(0.987 ) 2 
1 

yj 1 -( 0.868 ) 2 


and 


-<R—■ 

, V at rest 
m m 334 x 10" 27 kg 

y 

m 2 

*o- 


m, 


p, = - O.8681 Pi » 0.987c 
ANS. FIG. P39.62 
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(d) Conservation of energy gives E 1 +E 2 = E tota] 
which is 

y 1 m 1 c 2 + y 2 m 2 c 2 = OT total c 2 
or 6.22 m 1 + 2.01m 2 = 3.34 x 1(T 27 kg 

This reduces to: 13.09m! + m 2 = 1.66 x 10~ 27 kg| [1] 

(e) Since the final momentum of the system must equal zero, p, = p 2 
gives 

=y 2 m 2 u 2 

or (6.22)(0.987c)m 1 =(2.0l)(0.868c)m 2 

which becomes |m 2 =3.52m 1 | [2] 

(f) Substituting [2] into [1] gives 

3.09m! + 3.52m! = 1.66 x 1CT 27 kg 
thus, m 1 = | 2.51 x 10~ 28 kg | and m 2 = | 8.84 x 10~ 28 kg | 

P39.63 Let m = 1.99 x 10" 26 kg, and u —ui =0.500ci. An isolated system of two 
particles of mass m and m' = m/3 collide with the respective velocities 
u and -u, resulting in a particle with mass M and velocity v f =v f i. 

By conservation of the X component of momentum ( ymu ): 
mu + m(-u) _ Mv f 

3yjl -u 2 /c 2 Jl-v 2 /c 2 
2 mu _ Mv f 

~Ji -j,/e 

By conservation of total energy (ymc 2 ): 

me 2 me 2 _ Me 2 

yjl - u 2 /c 2 3^/1 -u 2 /c 2 Jl-v J/c 2 

4 me 2 _ Me 2 

To start solving, we divide the momentum equation [1] by the energy 

• • 2 U U 

equation [2], giving v f =— =—. 
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Then, substituting the value of the final speed back into the energy 
equation [2], we get 


y]l-u 2 /4c 2 3yjl-u 2 /c 2 
2Mc 2 _ 4mc 2 
^4 — u 2 /c 2 ”3^1 -u 2 /c 2 

_2m^4-u 2 /c 2 _2(l.99xl0- 26 kg)^4-(0.500) 2 


3y]l -U 2 /c 2 


3yjl- (0.500) 2 


M = 2.97x10" 




P39.64 (a) By conservation of the X component of momentum ( ymu ): 


m[-u) 


Mv f 


>/l “ u 2 /c 2 3^1 -u 2 /c 2 Jl-v 2 /c z 
2 mu _ Mv f 

By conservation of total energy ( ymc 2 ): 


Vl-M 2 A 2 3 
4mc 2 _ Me 2 
3^1 




[ 1 ] 


[ 2 ] 


To start solving, we divide the momentum equation [1] by the 
energy equation [2], giving v f =^~ . Then, substituting the 

value of the final speed back into the energy equation [2], we get 

Me 2 4mc 2 


r- 

w 2 /4c 2 

3 

//c 2 

2 Me 2 

4mc 



u 2 /c 2 

3^/l — u 

2 /c 2 

M 

_2myj4 

-u 2 /c 2 


3^1- 

^ 7 ? 
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(b) 


As u —> 0, M 


2m^4-u 2 /c 2 
' 3^1 -u 2 /c 2 


2m4l _ 4m 

3Vt It 


(C) 


The answer to part (b) is in agreement with the classical result, 
which is the arithmetic sum of the masses of the two colliding 
particles. 


Section 39.9 The General Theory of Relativity 

P39.65 (a) For the satellite, Newton's second law gives 

„ ^ GM F m mv 2 m(2nr'\ 2 

X? =rm: - = -=- — 

r r r \ T ) 

which gives 

GM e T 2 =4n 2 r 3 

Solving for the orbital radius, 

f gm f t 2 


y 4n 2 

(6.67 x IQ’ 11 N m 2 /kg 2 )(5.98xl0 24 kg)(43 080 s) 2 


47T 2 


(b) 


2 wr 2n\2.66x 10 7 m) ,-, 

■— =— -- = 3.87xl0 3 m/s 

T 43 080 s 1 - 1 


(c) From the relationship of frequency and period: 


1 


T 


dT - r 

d f =-f2 =~f 



df_ = _dT 
f ~ T 


We see the fractional decrease in frequency is equal in magnitude 
to the fractional change in period. 

The small fractional decrease in frequency received is equal in 
magnitude to the fractional increase in period of the moving 
oscillator due to time dilation: 


= _*L _ /Afp-Afp / -i 
/ T At p U 1 
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f [yj^-M 2 ) 


i+ ®bk 

( 3.87 xlO 3 m/s V 
[ 3.00 x10 s m/s J 


= -8.34xl0 _1 


(d) The orbit altitude is large compared to the radius of the Earth, so 
we must use 


The change in gravitational potential energy is 
! N-m 2 ^ 


kg 2 


Then 


=-^6.67 

x(5.98xl0 24 kg)m - 

v Bl [ 2.66x10 

=(4.76xlO 7 J/kg)m 

Af = AU* _ (4.76xl0 7 J/kg )jH , 

/ me 2 ^(3.00xlO 8 m/s) 2 


1 


m 6.37xlO 6 m 


45.29 xlO' 1 


(e) -8.34 x IQ' 11 + 5.29 x IQ' 10 = 1+4.46 x 10' 1 


Additional Problems 

P39.66 (a) When K e =K p , me 2 [y e - 1) =m p c 2 (y p -1) 

In this case, m e c 2 =0.511 MeV, m p c 2 =938 MeV 

and y e =[l-(0.750) 2 ] V2 =1.5119 
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mc 2 (y- l) (0.511MeV)(l.5119-l) 
Substituting, y p =1 +-,-=1 +_ _ _ 


me 
=1.000 279 


Therefore, u p =cJl - y~ 2 =| 0.023 6c] 


y mil 


(b) When Ve =p p , ymu p =ymu e or yu p 

“ r p 

(l.5119)(o.511 MeV/c 2 )(o.750c) 

Thus, yu =- - - - ——-- =6.177 2 x lO^c 

p p 938 MeV/c 2 


and — =6.177 2x 10 -4 , !- 


which yields u p = |6.18 x lO^cl =185 km/s 
The original rest energy of four protons is 

E r = 4(938.78 MeV) = 3 755.12 MeV 
The energy given off is 

\AE\ =(3 755.12 - 3 728.4) MeV =26.7 MeV 
The fractional energy released is 
■Afcj _ 26.7 MeV 


3 755 MeV 


- x 100% = 0.712% 


P39.68 


From the particle under constant speed model, find the travel time for 
Speedo from Goslo's reference frame: 



u 


2(50 ly) r c-yr ^j 

0.85c [ ly J 


= 118 yr 


Therefore, when Speedo arrives back on Earth, 118 years have passed 
and Goslo would have to be 158 years old. Furthermore, Speedo will 
be 102 years old. Perhaps future medical breakthroughs may extend 
the life expectancy to 158 years and beyond, but that is impossible at 
present. 
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*P39.69 (a) 


Consider the raindrops moving toward the station, at speed V. 
They receive radio waves with the Doppler-enhanced frequency 

/' = fJ——, where / =2.85 GHz. These raindrops reflect the 
V c-v 


waves at frequency /'. The waves are received by the station 
with another upward Doppler shift in frequency to 



2.85 x 10 9 Hz +254 Hz =2.85 x 10 9 Hz C -^~ 

\c-vl 

1 +8.91 x 10 -8 

c-v 

c +8.91 x 10" 8 c -v- 8.91 x lO^u =c +v 
8.91 x KTV =2.000 000 089u 
v =(4.46x 10~ 8 )(3.00x 10 8 m/s) = |~13.4 m/s | 

The same calculation with 254 Hz replaced by -254 Hz applies to 
the receding raindrops and given the same velocity magnitude. 
Thus the velocities are 13.4 m/s toward the station and 13.4 m/s 
away from the station. 

(b) Radio waves travel to the rain and back again in 180 /Js, so the 

one-way distance is ^-(3.00 x 10 8 m/s)(l80 x 10 -6 s) =27 000 m. 

The frequency shifts indicate the batch of raindrops are whirling 
around a common center separated by 1° of arc. The diameter of 
the vortex is 


s =r0 =(27 000 m)(l°) 


'n rad A 


Its radius is therefore —(471 m) =236 m and the angular speed of 

the rain is co =— = ^-4 m/s = | q.056 7 ra d/s I. A Doppler 
r 236 m I-CJ 

weather radar computer performs a calculation like this to detect 
a "tornado vortex signature." 

*P39.70 From energy conservation, we have 

(l 400 kg)c 2 | (900 kg)c 2 ;;^jMc 2 - 
Vl-0 2 Vl-0.850 2 Jl-v 2 /c 2 
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*P39.71 


(3 108 kg)^l- p- =M 

From momentum conservation, we have 
, (900 kg)(0.850c) _ Mv 


V1-0.850 2 Jl-v 2 /c 2 

Ar - n 1 \ L V 2 MV 

(l 452 kg) Jl- -y =- 

V c c 

(a) Dividing the momentum equation by the energy equation gives 
i; 1452 


- =0.467, or 


v =0.467c 


(b) Now by substitution, (3 108 kg)Vl- 0.467 2 = | M =2.75 xlO 3 kg~| . 
(a) Observers on Earth measure the distance to Andromeda to be 
d =2.00xlO 6 ly =(2.00xlO 6 ly)c 
The time for the trip, in Earth's frame of reference, is 

At=rAt = 3a °yy 

yjl~(v/c) 2 
The required speed is then 

_d _ (2.00X10 6 ly)c 

At (30.0 yr)/^/l-(y/c) 2 
which gives, suppressing units, 

(l.50xl0“ 5 )(z?/c) =y/l-(v/c) 2 

Squaring both sides of this equation and solving for v/c yields 
v _ 1 

c Vl + 2.25 xlO’ 10 

1 X 

Then, the approximation ^ = 1 — — gives 

v , 2.25 xlO" 1 


=| 1-1.12 xlO" 1 
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(b) 



where x =2.25 x lO -10 . • Then, 


x 

l+i 


and 


!f 'P39.72 


(c) 



The kinetic energy of the spacecraft is given by 


KE =(y-l)mc 2 = ^1+^-1 


Thus, 


KE = (i 1+ 2.25x 1 10- 1 ° ~ 1 )^' 0QXl0< ' k s)( 3 - 00xl ° 8 m/s f 

=5.99991 xlO 27 J = |6.00xl0 27 j| 


The cost of this energy is 

cost =KE xrate =^6.00 xlO 27 j) ^ J j($0- 13/kWh) 

= [$2.17 xlO 20 1 


In this case, the proper time is T 0 (the time measured by the students 
on a clock at rest relative to them). The dilated time measured by the 
professor is: 

At =yT 0 


where At = T + t. Here T is the time she waits before sending a signal 
and t is the time required for the signal to reach the students. Thus, we 
have: 


T + t = yT 0 [1] 

To determine the travel time t, realize that the distance the students will 
have moved beyond the professor before the signal reaches them is: 
d=v{T +t) 


The time required for the signal to travel this distance is: 

t = d -=k\(T + t) 

C \d 
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*P39.73 


P39.74 


Solving for t gives: 

. (v/c)T 


l-(v/c) 

Substituting this into equation [1] yields: 
{v/c)T =v 
r l -(v/c) 

T 


Then 


1-v/c 


=yt 0 . 


rf _rp 1 ~(V/C) 1 ~(V/C) 

9 W) -(v/c)] 


l-(p/c) 

l+(u/c) 


(a) The proper lifetime is measured in the ship's reference frame, and 
Earth-based observers measure a dilated lifetime of 


At =y At v 


15.0 yr 


- = 21.0 yr 


y/l-iv/c) 2 Jl-(0.700) 2 
(b) As measured by mission control, the distance to the ship is 

d = V At =(0.700c)(21.0 yr) =[(0.700)(l.00 ly/yr)](21.0 yr) 
=114.7 ly I 


(c) Looking out the rear window, the astronauts see Earth recede at a 
rate of v = 0.700c. The distance it has receded, as measured by the 
astronauts, when the batteries fail is 

d =v^At p ) =(0.700c)(l5.0 yr) =[(0.700)(l.00 ly/yr)](l5.0 yr) 
= |!0.51y| 

(d) Mission control gets signals for 21.0 yr while the battery is 
operating and then for 14.7 yr after the battery stops powering the 
transmitter, 14.7 ly away. The total time that signals are received 
is 21.0 yr + 14.7 yr = |35.7 yr| . 


(a) We let H represent Kjmc 2 . Then, 


H + l 


1 

V 1 - u 2 !c 2 
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so 1 -m 2 /c' 
Solving, 


H +2H +1 H + 2H +1 



f H 2 + 2H ) 

1/2 


[h 2 +2H + 1 j 



(b) | m goes to 0 as K goes to 0. | 

(c) |u approaches c as K increases without limit.] 

(d) The acceleration is given by 

g^ji = iU f ■ tm yl 

dt dt\ {H 2 + 2H + 1 


[H 2 +2 H +l][2H +2 ]-[H 2 +2H][2H +2] 
[. H 2 +2 H +l] 2 


H +2 H +1 V H +1 P 


H 2 +2H ) (jH +lj 


| mcH 1/2 (H +2) 1/2 (H +1) 2 1 

where P =—. 

dt 

(e) When H is small (H <sc 1), we have approximately 

P P P 

* _ mcfi 1/2 (2) 1/2 (l) 2 ~mcH l/2 2' 2 ^ 

me —j 
\mc ) 

P 

~(2mK) vl 

in agreement with the nonrelativistic case. 
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(f) When H is large the acceleration approaches 

P P _ P 

U ~ mcH 1/2 {H + 2) 1/2 {H + l) 2 mcH 1/2 (H) 1/2 (H) 2 ~ mcH 3 


P m 2 c 5 P 



(g) 


As energy is steadily imparted to the particle, the particle's 
acceleration decreases. It decreases steeply, proportionally to 
1 /K 3 at high energy. In this way the particle's speed cannot 
reach or surpass a certain upper limit, which is the speed of 
light in vacuum. 


*P39.75 (a) From Problem 71, 

1 

Vl + 2.25xlO“ 10 

and 


^ [vi + 2.25xlO -10 ] * (1 + 2.25x10 10 ) 

= |6.67xl0 4 | 

(b) The astronaut's speed, from Problem 71, is 
1 

v= . c 

V l + 2.25xlO“ 10 


The time difference between the astronaut's trip and that of the 
beam of light is then 



Where x =2.25 x 10 10 . Substituting numerical values, 

_(2.00xl0 6 ly)(9.46xl0 15 m/lyV2.25xlO" 10 ^ 
At 3.00 x10 s m/s { 2 J 

=7 095 s = |l.96h| 
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P39.76 The energy of the first fragment is given by 

E 2 = V \c 2 +(m 1 c 2 ) 2 =(l.75 MeVf +(l.00 MeVf 
E l =2.02 MeV 
For the second, 

E\ =(2.00 MeV) 2 +(l.50 MeV) 2 


E 2 =2.50 MeV 

(a) Energy is conserved, so the unstable object had 

E = E 1 + E 2 = 4.52 MeV. Each component of momentum is 
conserved, so for the original object 

2 2 2 f 1.75 MeV V f 2.00 MeV V 


Then, using Equation 39.27, we find the mass of the original 
object: 

E 2 =p 2 c 2 +[mc 2 f 

(4.52 MeV ) 2 =[(l.75 MeV ) 2 +(2.00 MeV ) 2 j +[mc 2 ) 2 


3.65 MeV 


(b) Now E =ymc 2 gives 


4.52 MeV - 3.65 MeV 

{1 -« 2 + 


1 —- =0.654 which gives | u =0.589c | 

P39.77 The relativistic kinetic energy of such a proton is 
K = (y- l)mc 2 =10 13 MeV 
Its rest energy is 

me 2 =(l.67 x 10' 27 kg)(2.998 x 10 8 m/s) 2 
leV 


< — 
^ 1 . 6 ! 


1.60 x 10 9 kg • m /s 
10 13 MeV =(y - 1)(938 MeV) 
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and therefore, 7 =1.07 x 10 10 . The proton's speed in the galaxy's 
reference frame can be found from 

7 = 1/^1 - u 2 /c 2 SO 1 - u 2 /c 2 =8.80 x 10 - 21 

and u =cV l-8.80xl0~ 21 - (l - 4.40 x 10" 21 )c = 3.00 x 10 8 m/s 

The proton's speed is nearly as large as the speed of light. In the galaxy 
frame, the traversal time is 

At = x/u =10 5 light years/c =10 5 years 

(a) This is dilated from the proper time measured in the proton's 
frame. The proper time interval is found from Af = yAt : 

At p =At/y =10 5 yr/1.07 x 10 10 =9.38 x 10 " 6 years = 296 s 

At |~10 2 sor 10^7] 

(b) The proton sees the galaxy moving by at a speed nearly equal to C, 
passing in 296 s: 

^proton frame = =<3.00 X 10* m/ S )(296s) 

= 8.88 x 10 7 km ~ 10 8 km 

proton franc = ( 8-88 X lO™ m)(- 1 ^ l 

probmframe y { 9.46 x 10 15 mj 

= 9.39 x 10 " 6 ly | ~ 10 ~ 5 ly | 

P39.78 Look at the situation from the instructors' viewpoint since they are at 
rest relative to the clock, and hence measure the proper time. The Earth 
moves with velocity v =-0.280c relative to the instructors while the 
students move with a velocity «' =-0.600c relative to Earth. Using the 
velocity addition equation, the velocity of the students relative to the 
instructors (and hence the clock) is: 

_ vW _ : :|-0i8pc)^[)o4 v iil 

7 ^+mT/fK 1 +(-0.280c) (-0.600c )/c 2 
(students relative to clock) 

(a) With a proper time interval of Af =50.0 min, the time interval 
measured by the students is: 

At —yAt with 7 = . 1 =1.52 

" ^1- ( 0 .753c) 2 /c 2 
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P39.79 


Thus, the students measure the exam to last 
T =1.52(50.0 min) = | 76.0 minutes | 

(b) The duration of the exam as measured by observers on Earth is: 

At =yAt with y = ^ so 

^ 1 - (o.280c) 2 /c 2 

T = 1.04(50.0 min) = |52.1 minutes] 

(a) The speed of light in water is c/1.33, so the electron's speed is 
l.lOc/1.333. Then 

y = 1 - =1.770 

V l-(1.10/l.333 ) 2 

and the total energy is 

E =ymc 2 =1.770(0.511 MeV) = |0,905 MeV] 

(b) The electron's kinetic energy is 

K =E-mc 2 =0.905 MeV-0.511 MeV = | 0.394 MeV| 

(c) The electron's momentum is found from 

pc =^E 2 -(me 2 ) 2 =yjy 2 -1 me 2 
=7r 2 -1(0.511 MeV) = 0.747 MeV 

and 

0.747xl0 6 (l.602xl0 -19 j) 

3.00 xlO 8 m/s 

= |3.99xIQ ' 22 kg-m/s| 

(d) From Figure 17.11, the angle between the particle (source of 
waves) and the shock wave is 

sin# =v/v s 

where v is the wave speed, which is the speed of light in water, 
and v s is the source speed. Then 

sin# =v/v s =1/1.10 -» # = |65.4°| 


0.747 


MeV 
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P39.80 


P39.81 


(a) From Equation 39.18, the speed of light in the laboratory frame is 


u _ v+ n _ 4ffli#) 

v[c/n) n(l+v/nc) 
c 2 

(b) When v is much less than c we have 

c 4 ra>V„ ^ V 1 c 4 nuY. tO 

M-- 1 +- 1 +- =- 1+- 1- 

n\ c A wcy tA c A wcy 
cf^nv v \ c v 

n\ c nc) n n 

(c) If light travels at speed c/n in the water, and the water travels at 
speed V, then the Galilean velocity transformation Equation 4.20 
would indeed give c/n + V for the speed of light in the moving 
water. The third term - v/n 2 does represent a relativistic effect 
that was observed decades before the Michelson-Morley 
experiment. It is a piece of twentieth-century physics that 
dropped into the nineteenth century. We could say that light is 
intrinsically relativistic. 

(d) To take the limit as v approaches C we must go back to 

c (1 + nv/c) . 

u = —--.As v -> c, 

n (1 + v/nc) 

c (1 + nc/c ) _ c(l + n) _ rn 
n (1 + c/nc) n +1 

(a) Assuming the Sun-mass system is isolated, the energy (work) 
required to remove a mass m from the Sun's surface to infinity is 
equal to the change in potential energy of the system. If the work 
equals the rest energy me 2 , then 

W =A E =AK +AU =0 +(u f -U i ) 

GMm) 


GM 


GM m 


( b ) R a 


GM s (6.67 xhT 11 N.m 2 /kg 2 )(l.99xl0 30 kg) 


(3.00xl0 8 m/s) 
R =1.47 x 10 3 m = | 1.47 km | 
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P39.82 We find the speed of the electrons after accelerating through a 
potential difference AV from Equation 39.23: 


K =eAV =(y - 1 )mc 2 = 


•J ' 1 - (f'/c 




Solving, 


^eAY/c 2 + m J 

Substituting numerical values and suppressing units. 


(9.11 x 1(T 31 kg) 


(l.60 x 1CT 19 C)(8.40 x 10 4 V) 
(3.00 x 10 8 m/s) 2 


+9.11 x 10~ 31 kg 


Because this speed is more than half the speed of light, there is no way 
to double its speed, regardless of the increased accelerating voltage. If 
the accelerating voltage is quadrupled to 336 kV, the speed of the 
electrons rises to U = 0.798c. 

P39.83 (a) Take the spaceship as the primed frame, moving toward the right 

at v = +0.600C. Then u' x = +0.800c, and 

u' x +v _ 0.800c+0.600c ,-, 

Ux ~l+(u'v)/c 2 ~1 +(0.800)(0.600) ~l °' 946C I 

(b) L =—: L =(0.200 ly)-Jl-(0.600) 2 = |0.1601y| 

(c) The aliens observe the 0.160-ly interval decreasing because the 
probe reduces it from one end at 0.800c and the Earth reduces it at 
the other end at 0.600c. 
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P39.84 


Thus, 


time = - 


0.160 ly 
0.800c + 0.600c 


= 0.114 yr 


(d) In Earth's reference frame, the kinetic energy of the landing craft is 
1 


K ■■ 


V l-M 2 /c : 
1 


1 \mc 


-1 (4.00x10 s kg)(3.00xl0 8 m/s) 2 


[ V 1 - (0.946 f 
= |7.50xl0 22 j] 

(a) Take m = 1.00 kg. The classical kinetic energy is 
K c =^mu 2 =imc 2 ^] =(4.50xlO 16 j)^“j 
and the actual kinetic energy is 

-lime 2 =(9.00xlO 16 j)f 


{yjl-( u / c f 




Using these expressions, we generate the graph in ANS. GRAPH 
P39.84. 


u 

c 

K (J) 

MJ) 

0.000 

0.000 

0.000 ( 

0.100 

0.045 x 10 16 

0.045 3 x 10 16 

0.200 

0.180 xlO 16 

0.186 xlO 16 

0.300 

0.405 xlO 16 

0.435 xlO 16 

0.400 

0.720 xlO 16 

0.820 x 10 16 

0.500 

1.13 xlO 16 

1.39 xlO 16 

0.600 

1.62 xlO 16 

2.25 xlO 16 

0.700 

2.21 x 10 16 

3.60 xlO 16 

0.800 

2.88 x 10 16 

6.00 x 10 16 

0.900 

3.65 x 10 16 

11.6 xlO 16 

0.990 

4.41 xlO 16 

54.8 xlO 16 



0.0 0.2 0.4 0.6 0.8 1.0 

ulc 

^ Classical Relativistic 


ANS. GRAPH P39.84 
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(b) 


K c =0.990K r , when - - 






u = |0.115c| 

(c) Similarly, K c =0.950K when u = | 0.257c | . 

(d) K =0.500 K r when u = | 0.786c | . 


, yielding 


P39.85 Both observers measure the speed of light to be C. 

(a) Call the total travel time At s . An observer at rest relative to the 
mirror sees the light travel a distance di = d from the spacecraft to 
the mirror, but a distance d 2 =d- vAt s from the mirror back to the 
spacecraft because the spacecraft has traveled the distance 

vAt s forward. Therefore, the total distance traveled by the light is 

D =d 1 +d 2 
d +(d - vAt s ) =cAt s 

JJ -M- 2(5-66x10“ m) |— j 

s c+v C+0.650C 1.650(3.00xlO 8 m/s) 

(b) The observer in the spacecraft measures a length-contracted 
initial distance to the mirror of 



and the mirror moving toward the ship at speed V. Consider the 
motion of the light toward the mirror in time interval At,: light 
travels toward the mirror at speed C while the mirror travels toward 
the spacecraft at speed V; together, they travel the distance L: 


cAt l + vAt 1 = L 
At = +— 

C + V 


When light strikes the mirror, it is a distance L' =L- vAt 1 from 
the spacecraft. The light must travel back through this same 
distance to return to the spacecraft: 

L v 

cAt 2 =L-vAt 1 —> At 2 = -At, 

c c 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 



Chapter 39 885 


P39.86 


The total travel time is 

L L v L 

At +A t 2 = -+- At = - 

c+v c c c+v 

_Lc +L[c +v)-Lv _ 


c(c +v) 

K(c +v) 

_ 2 


[c+v) c 


_2d jc^ t _2d 
c v c+v c )l 
2(5.66xl0 10 m) 

jc- 0.650c 

c +0.650c 

1 /O350 

(3.00xlO 8 m/s’ 

(V 1.650 



=1-174 s 

Both observers measure the speed of light to be C. 

(a) Call the total travel time A t s . An observer at rest relative to the 
mirror sees the light travel a distance d 1 =d from the spacecraft to 
the mirror, but a distance d 2 =d- vAt s from the mirror back to the 
spacecraft because the spacecraft has traveled the distance vAt s 
forward. Therefore, the total distance traveled by the light is 
D = d 1 +d 2 
d +[d - vAt s ) =cAt s 


2d 


(b) The observer in the spacecraft measures a length-contracted 
initial distance to the mirror of 


and the mirror moving toward the ship at speed V. Consider the 
motion of the light toward the mirror in time interval At 1 : light 
travels toward the mirror at speed C while the mirror travels toward 
the spacecraft at speed V; together, they travel the distance L: 

cAt 1 + vA t 1 = L 
L 
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P39.87 


When light strikes the mirror, it is a distance L' =L — vAt 1 from 
the spacecraft. The light must travel back through this same 
distance to return to the spacecraft: 


cAt 2 =L-vAt r -> At 2 =-At, 


The total travel time is 


At 2 +At 2 


At 2 +At 2 


L 

L 

V 


+— 

-At 

c +v 

c 

c 

L 

L 

v( L \ 


+-- 

- - 

c +v 

c 

c\c+v ) 


Lc +L(c +v)-Lv _ 2IX 
c(c+v) X(c+u) 



2d lc-v 
c \c+ v 



Since the total momentum is zero before decay, it is necessary that 
after the decay 

_ E r _14.0 keV 

V nucleus V photon 


Also, for the recoiling nucleus, E 2 =p 2 c 2 +{mc 2 ) with 


Me 2 =8.60 x 10~ 9 J =5.38 x 10 10 eV =5.38 x 10 7 keV 
Thus, (Me 2 +K f =(l4.0 keVf +(mc 2 f 


or 



calculator gives 1. 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 




Chapter 39 887 


We need to expand 



(l4.0 keV) 2 _(l4.0x!0 3 ev) 2 


2Mc 2 


2(53.8x 10 9 eV 


= |l.82x 10~ 3 evl 


Challenge Problems 

P39.88 (a) At any speed, the momentum of the particle is given by 

mu 


p =ymu = 




With Newton's law expressed as F =qE = ^~, we have 


qE =— 
* dt 


so 


-5f 


„ | . w , du 1 

qE = m 1—- — + —mu 

* 1 - 2 1 dt 2 


qE du 

l-u 2 /c 2 +u 2 /c 2 

m dt 

[ (i-7*T . 



du 

¥ 


and 


du qE 

Mj 

dt m 

c 2 1 


(b) For U small compared to C, the relativistic expression reduces to 

the classical a =—. As U approaches C, the acceleration 
m 

approaches zero, so that the object can never reach the speed of 
light. 
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(c) We can use the result of (a) to find the velocity U at time t: 


_du _qE f u 2 

dt m 1 c 2 




\\-u c ) m 


=(&} i-i. 


I HfEV | 

Now, we can use this result to find position X at time t: 
dx _ _ qEd 
^ ~ U ~ -yjrrdc +q 2 E 2 t 2 


x =] u dt =^ hffj ^ dt ~^n^ylni 2 c 2 +q 2 E 2 t 2 
o o yjm c +q E t 

x = ~^[\]m 2 c 2 +q 2 E 2 t 2 - me J 

P39.89 (a) Take the two colliding protons as the system 

E 1 = K + me 2 E 2 =mc 2 

E 2 = p\c 2 + m 2 c 4 p 2 = 0 
In the final state, 

E f = K f + Me 2 = p 2 c 2 + M 2 c 4 
By energy conservation, E l +E 2 = E f , so 
E 2 + 2E 1 E 2 + E 2 2 = E 2 

p\c 2 +m 2 c 4 + 2 (k +mc 2 )mc 2 +m 2 c 4 
=p 2 f c 2 +M 2 c 4 

By conservation of momentum, p x —p f , so 
+m 2 c i +2 (k +mc 2 )mc 2 +m 2 c 4 
= pW^ +M 2 c 4 
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and we have then 

4Km 2 c i 

M 2 c 4 = IKmc 2 + 4m V =-— + 4m V 

2 me 


Mc2 = 2m 4 + ^? 

o Pl o 

initial 

0> ? "O 

initial (beams) 



final (beams) 

ANS. FIG. P39.89 

(b) By contrast, for colliding beams we have, in the original state, 

E 1 = K + me 2 E 2 = K + me 2 

In the final state, 

E f =Mc 2 
E 1 +E 2 =E f : 

K + me 2 + K + me 2 = Me 2 

Me 2 = 2 me 2 [ 1 + K | 

1 , 2 me 2 ) 

P39.90 We choose to write down the answer to part (b) first. 

(b) Consider a hermit who lives on an asteroid halfway between the 
Sun and Tau Ceti, stationary with respect to both. Just as our 
spaceship is passing him, he also sees the blast waves from both 
explosions. Judging both stars to be stationary, this observer 
concludes that [the two stars blew up simultaneously] . 
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Relativity 


(a) We in the spaceship moving past the hermit do not calculate the 
explosions to be simultaneous. We measure the distance we have 
traveled from the Sun as 



=(6.00 ly)^l-(0.800 ) 2 =3.60 ly 


We see the Sun flying away from us at 0.800c while the light from 
the Sun approaches at 1.00c. Thus, the gap between the Sun and 
its blast wave has opened at 1.80c, and the time we calculate to 
have elapsed since the Sun exploded is 


3.60 ly 
1.80c 


= 2.00 yr 


P39.91 


We see Tau Ceti as moving toward us at 0.800c, while its light 
approaches at 1.00c, only 0.200c faster. We measure the gap 
between that star and its blast wave as 3.60 ly and growing at 
0.200c. We calculate that it must have been opening for 


3.60 ly 
0 . 200 c 


=18.0 yr 


and conclude that | Tau Ceti exploded 16.0 years before the Sun] . 


(a) Since Dina is in the same reference frame. S', as Owen, she 

measures the ball to have the same speed Owen observes, namely 

\u' x | = | 0.800c | 


(b) Within the frame S', the ball travels 1.80 x 10 12 m at a speed of 
0.800c, so 



1.80 x 10 12 m 
0.800(3.00 xlO 8 m/s) 


= |7.50xl0 3 si 


(c) 


In the S frame, the distance between Dina and Owen is a proper 
length; therefore. 


L=L p 




= |l.44x 10 12 m] 


Since v = 0.600c and u' x =-0.800c, the velocity Ed measures for 
the ball is 


U x 


J. K Jr9 800c )^i°- 600c ) InoorJ 
1 +v'vfJ 1 +(-0.800)(0.600) I— : - 1 
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(d) Ed measures the ball and Dina to be initially separated by 

1.44 x 10 12 m. Dina's motion at 0.600c and the ball's motion at 
0.385c cover this distance from both ends. The gap closes at the 
rate 0.600c + 0.385c = 0.985c, so the ball and catcher meet after a 
time 
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lNSWERS to even-numbered problems 


P39.2 

P39.4 

P39.6 

P39.8 

P39.10 

P39.12 

P39.14 

P39.16 

P39.18 

P39.20 

P39.22 

P39.24 

P39.26 

P39.28 

P39.30 

P39.32 

P39.34 

P39.36 

P39.38 

P39.40 

P39.42 

P39.44 

P39.46 

P39.48 


(a-b) See P39.2 for full explanation. 

See P39.4 for full explanation. 

(a) 0.436 m; (b) less than 0.436 m 
(a) 2.18 jlis; (b) 649 m 
65.0 beats/min; (b) 10.5 beats/min 
(a) L p = 20.0 m; (b) L = 19.0 m; (c) 0.312c 
0.140C 

(a) 1.3 x 10 ~ 7 s; (b) 38 m; (c) 7.6 m 
42.1 g/cm 3 
cL 

V= .- P -= 

(a) 39.2 )Js ; (b) accurate to one digit 
(a) 5.45 yr; (b) Goslo 
1.13 x 10 4 Hz 

(a) v = 0.943c; (b) 2.55 x 10 3 m 

(a) L =L 0 ^1 - ) cos 2 6 0 J ; (b) 7 tan 0 0 

0.960c 

0.893c, 16.8° above the x' axis 

(a) 2.73 x 10 -24 kg • m/s; (b) 1.58 x 10 ~ 22 kg • m/s; 

(c) 5.64xlO" 22 kg-m/s 

_ c 

“ - ,/(mV/p 2 )+l 

(a) $800; (b) $ 2.12 x 10 9 
(a) 0.141c; (b) 0.436c 
(a) 0.582 MeV; (b) 2.45 MeV 
(a) 0.999997c; (b) 3.74 x 10 5 MeV 

(a) 4.38 x 10 11 J; (b) 4.38 x 10 11 ; (c) See P39.48(c) for full explanation. 
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P39.50 See P39.50 for full explanation. 

P39.52 (a) 3.91 x 10 4 ; (b) 0.9999999997c; (c) 7.67 cm 

P39.54 0.842 kg 

P39.56 1.20 MeV 

P39.58 See P39.58 for full explanation. 

P39.60 larger; ~10 _9 J 

P39.62 (a) isolated; (b) isolated system: conservation of energy and isolated 

system: conservation of momentum; (c) 6.22 and 2 . 01 ; 

(d) 3.09 m 1 + m 2 = 1.66 x 10 ' 27 kg; (e) m 2 =3.52m 1 ; 

(f) m 1 =2.51 xl0 “ 28 kg and m 2 =8.84 xl0 ~ 28 kg 

P39.64 (a) M = ^ m ^_ U ^° ; (b) (c) The answer to part (b) is in 

3^1-u 2 /c 2 3 

agreement with the classical result, which is the arithmetic sum of the 
masses of the two colliding particles. 

P39.66 (a) 0.023 6 C; (b) 6.18 x 10 _4 C 

P39.68 When Speedo arrives back on Earth, 118 years have passed, and Goslo 
would be 158 years old. That is impossible at the present time. 

P39.70 (a) 0.467c; (b) 2.75 x 10 3 kg 

P39.72 See P39.72 for full explanation. 

( H 2 + 2 H V /2 

P39.74 (a) u = c\ —-- ; (b) U goes to 0 as K goes to 0; (c) U 

[H 2 + 2H + 1) 6 6 

p 

approaches C as K increases without limit; (d)- - ----; 

W mcH 1/2 (H +2 f 2 (H +1) 2 

(e) See P39.74(e) for full explanation; (f) See P39.74(f) for full 
explanation; (g) As energy is steadily imparted to particle, the 
particle's acceleration decreases. It decreases steeply, proportionally to 
1/1C 3 at high energy. In this way the particle's speed cannot reach or 
surpass a certain upper limit, which is the speed of light in vacuum. 

P39.76 (a) m = 3 ' 65 MeV ; (b) v = 0.589c 

c 

P39.78 (a) 76.0 minutes; (b) 52.1 minutes 

P39.80 (a-c) See P39.80 for full explanation; (d) C 
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P39.82 Because the speed of the electrons after accelerating through a 

potential difference AV is more than half the speed of light, there is no 
way to double its speed, regardless of the increased accelerating 
voltage. 

P39.84 (a) See ANS. GRAPH P39.84; (b) 0.115c; (c) 0.257c; (d) 0.786c 

P39.86 (a) — ; (b) — J— 

c+v c \ c +v 

( 2 \ 3 / 2 

1-^-1 ; (b) For U small compared to C, the relativistic 

c J 

expression reduces to the classical a =— . As U approaches C, the 
m 

acceleration approaches zero, so that the object can never reach the 

speed of light; (c) u = , an d x =— ( Jm 2 c 2 +q 2 E 2 t 2 - me) 

■yjm 2 c 2 + q 2 E 2 t 2 1 

P39.90 (a) Tau Ceti exploded 16.0 years before the Sun; (b) The two stars blew 

up simultaneously. 
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Introduction to Quantum Physics 


CHAPTER OUTLINE 


40.1 Blackbody Radiation and Planck's Hypothesis 

40.2 The Photoelectric Effect 

40.3 The Compton Effect 

40.4 The Nature of Electromagnetic Waves 

40.5 The Wave Properties of Particles 

40.6 A New Model: The Quantum Particle 

40.7 The Double-Slit Experiment Revisited 

40.8 The Uncertainty Principle 


|* An asterisk indicates a question or problem item new to this edition^] 


lNSWERS to objective questions 


OQ40.1 The ranking isd>a = e>b>c. The wavelength is described by 

A = h/p in all cases. For photons, the momentum is given by p = E /c, 
so (a) is the same as (e), and (d) has a wavelength ten times larger. 
For the particles with mass, pc = (E 2 - m 2 c 4 ) 1/2 = ([K + me 2 ] 2 - m 2 c 4 ) 1/2 
= (K 2 + 2Kmc 1 ) 1/2 . Thus a particle with larger mass has more 
momentum for the same kinetic energy, and a shorter wavelength. 

OQ40.2 Answer (a). The x-ray photon transfers some of its energy to the 
electron. Thus, its frequency must decrease. 

OQ40.3 Answer (b). In Compton scattering, a photon of energy E = hf = he/A 
is scattered from an electron at rest. The scattering sets the electron 
into motion: the electron gains kinetic energy, so the photon loses 
energy. Because the photon has less energy, its frequency is smaller 
than E /h and its wavelength is larger than hc/E. 


895 
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OQ40.4 


OQ40.5 


OQ40.6 


OQ40.7 


OQ40.8 


OQ40.9 


(i) Answer (d). Because P = IV , the power input to the filament has 
increased by 8 x 2 = 16 times. The filament radiates this greater 
power according to Stefan's law, so its absolute temperature is 
higher by the fourth root of 16: it is two times higher. 

(ii) Answer (d). By Wien's displacement law, the wavelength 
emitted with the highest intensity is inversely proportional the 
temperature: the temperature is twice as large, so the 
wavelength is half as large. 

Answer (a) and (c). One form of Heisenberg's uncertainty relation is 
AxAp x > h/ln, which says that one cannot determine both the 
position and momentum of a particle with arbitrary accuracy. 
Another form of this relation is AE At > Ti/ln , which sets a limit on 
how accurately the energy can be determined in a finite time interval. 
Answer: (a). The stopping potential is 1.00 V, so the maximum 
kinetic energy is 1.00 eV. From Equation 40.9, 

K ma x =hf - <t> =hc/X - (j) 

. he 1240eV-nm 

X =--r =354 nm 

(j) +K max (2.50 eV+1.00 eV) 

Answer (c). UV light has the highest frequency of the three, and hence 
each photon delivers more energy to a skin cell. This explains why 
you can become sunburned on a cloudy day: clouds block visible light 
and infrared, but not much ultraviolet. You usually do not become 
sunburned through window glass, even though you can see the visible 
light from the Sun coming through the window, because the glass 
absorbs much of the ultraviolet and reemits it as infrared. 

Answer (d). Electron diffraction by crystals, first detected by the 
Davisson-Germer experiment in 1927, confirmed de Broglie's 
hypothesis and, of the listed choices, most clearly demonstrates the 
wave nature of electrons. 

Answer (c). We obtain the momentum of the electron from 

K =—mu 2 =¥— =eAV —> p =^2meAV 

2 2 m F 

The de Broglie wavelength is then 


i Jl h 

p sIlmeAV 

_ _ 6.626 x 1CT 34 J • s _ 

^ 2 ( 9.11 xicr 31 kg)(l.60xlCT 19 c)(50.0 V) 
=1.74 xlO“ 10 m =0.174 nm 
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OQ40.10 


OQ40.11 


The ranking is: electron, proton, helium nucleus. The comparative 
masses of the particles of interest are m p ~ 1 840 m e and m He ~ 4 m p . 
Assuming each particle is classical, its wavelength is inversely 
proportional to its mass: A = h/p = h/mv. 


(i) (a) and (c). Electrons and protons possess mass, therefore they 
have rest energy E R = me 2 . Photons do not have rest energy— 
they are never at rest. 

(ii) (a) and (c). The electron and the proton have charges -e and +e, 
respectively; the photon has no charge. 


(iii) (a), (b), and (c). The electron and proton carry energy 

E =yjp 2 c 2 +[mc 2 ) =K +mc 2 -, the photon carries energy E = hf. 


(iv) (a), (b), and (c). The electron and proton carry momentum 

p = ymu, the photon carries momentum p = E/c, where E is its 
energy. 

(v) Answer (b). Because it is light. 

(vi) (a), (b), and (c). Each has the same de Broglie wavelength 

A = h/p. 


1 v 2 

0040.12 Answer (a). If we set K =—mu 2 =-*— =eAV, which is the same for 

2 2m 

both particles, then we see that the momentum is p =^2meAV, so 
the electron has the smaller momentum and therefore the longer 

wavelength f A =— = , ^ = I. 

{ p j2meAV) 


OQ40.13 Answer (b). Diffraction, polarization, interference, and refraction are 
all processes associated with waves. However, to understand the 
photoelectric effect, we must think of the energy transmitted as light 
coming in discrete packets, or quanta, called photons. Thus, the 
photoelectric effect most clearly demonstrates the particle nature of 
light. 

OQ40.14 Answer (c). For the same uncertainty in speed, the particle with the 
smaller mass has the smaller uncertainty in momentum, A p x =mAv x , 

h h 

thus greater uncertainty in its position: Ax>-=-. The 

3 r 2 kA p x 2nmAv x 

mass of the electron is smaller than that of the proton, thus its 
minimum possible uncertainty in position is greater than that of the 
proton. 
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lNSWERS to conceptual questions 


CQ40.1 In general, a turn of wire receives energy by two energy transfer 
mechanisms: (1) electrical transmission and (2) absorption of 
electromagnetic radiation from neighboring turns. Each turn of wire 
emits radiation similar to blackbody radiation. For most turns, the 
electromagnetic radiation absorbed comes from two neighbors. The 
turns on the end, however, have only one neighbor so they receive 
less energy input by electromagnetic radiation than the others. As a 
result, they operate at a lower temperature and do not glow as 
brightly. 

CQ40.2 The Compton effect describes the scattering of photons from 

electrons, while the photoelectric effect predicts the ejection of 
electrons due to the absorption of photons by a material. 

CQ40.3 Any object of macroscopic size—including a grain of dust—has an 

undetectably small wavelength, so any diffraction effects it might 
exhibit are very small, effectively undetectable. Recall historically 
how the diffraction of sound waves was at one time well known, but 
the diffraction of light was not. 

CQ40.4 No. The second metal may have a larger work function than the first, 
in which case the incident photons may not have enough energy to 
eject photoelectrons. 

CQ40.5 The stopping potential measures the kinetic energy of the most 

energetic photoelectrons. Each of them has gotten its energy from a 
single photon. According to Planck's E = hf, the photon energy 
depends on the frequency of the light. The intensity controls only the 
number of photons reaching a unit area in a unit time. 

CQ40.6 Wave theory predicts that the photoelectric effect should occur at any 
frequency, provided the light intensity is high enough, or provided 
that the light shines on the surface for a sufficient time interval so 
that enough energy is delivered to the surface to eject electrons. 
However, as seen in the photoelectric experiments, the light must 
have a sufficiently high frequency for the effect to occur, and that 
electrons are either ejected almost immediately (less than 10 9 seconds 
after the surface is illuminated) or not at all, regardless of the 
intensity. 

CQ40.7 Ultraviolet light has shorter wavelength and higher photon energy 
than any wavelength of visible light. 
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CQ40.8 


CQ40.9 


CQ40.10 


CQ40.11 


CQ40.12 


CQ40.13 


Our eyes are not able to detect all frequencies of electromagnetic 
waves. For example, all objects that are above 0 K in temperature 
emit electromagnetic radiation in the infrared region. This describes 
everything in a dark room. We are only able to see objects that emit or 
reflect electromagnetic radiation in the visible portion of the 
spectrum. 

An electron has both classical-wave and classical-particle 
characteristics. In single- and double-slit diffraction and interference 
experiments, electrons behave like classical waves. An electron has 
mass and charge. It carries kinetic energy and momentum in parcels 
of definite size, as classical particles do. At the same time it has a 
particular wavelength and frequency. Since an electron displays 
characteristics of both classical waves and classical particles, it is 
neither a classical wave nor a classical particle. It is customary to call 
it a quantum particle, but another invented term, such as "wavicle," 
could serve equally well. 

A photon can interact with the photographic film at only one point. 
A few photons would only give a few dots of exposure, apparently 
randomly scattered. 


The wavelength of violet light is on the order of — /im, while the de 


Broglie wavelength of an electron can be 4 orders of magnitude 
smaller. The resolution is better (recall Rayleigh's criterion) because 
the diffraction effects are smaller. 


Light has both classical-wave and classical-particle characteristics. In 
single- and double-slit experiments light behaves like a wave. In the 
photoelectric effect light behaves like a particle. Light may be 
characterized as an electromagnetic wave with a particular 
wavelength or frequency, yet at the same time light may be 
characterized as a stream of photons, each carrying a discrete energy, 
hf. Since light displays both wave and particle characteristics, perhaps 
it would be fair to call light a "wavicle." It is customary to call a 
photon a quantum particle, different from a classical particle. 

Comparing Equation 40.9 with the slope-intercept form of the 
equation for a straight line, y = mx + b, we see 

(a) that the slope in Figure 40.11 in the text is Planck's constant h 
and 

(b) that the y intercept is -(f), the negative of the work function. 

(c) If a different metal were used, the slope would remain the same 
but the work function would be different. Thus, data for 
different metals appear as parallel lines on the graph. 
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CQ40.14 

CQ40.15 

CQ40.16 

CQ40.17 


The discovery of electron diffraction by Davisson and Germer was a 
fundamental advance in our understanding of the motion of material 
particles. Newton's laws fail to properly describe the motion of an 
object with small mass. It moves as a wave, not as a classical particle. 
Proceeding from this recognition, the development of quantum 
mechanics made possible describing the motion of electrons in 
atoms; understanding molecular structure and the behavior of matter 
at the atomic scale, including electronics, photonics, and engineered 
materials; accounting for the motion of nucleons in nuclei; and 
studying elementary particles. 

The spacing between repeating structures on the surface of the 
feathers or scales is on the order of 1/2 the wavelength of light. An 
optical microscope would not have the resolution to see such fine 
detail, while an electron microscope can. The electrons can have 
much shorter wavelength. 

The intensity of electron waves in some small region of space 
determines the probability that an electron will be found in that 
region. 

The first flaw is that the Rayleigh-Jeans law predicts that the 
intensity of short wavelength radiation emitted by a black body 
approaches infinity as the wavelength decreases. This is known as 
the ultraviolet catastrophe. The second flaw is the prediction of much 
more power output from a black body than is shown experimentally. 
The intensity of radiation from the black body is given by the area 
under the red / (A, T ) VS. A curve in Figure 40.5 in the text, not by the 
area under the blue curve. 

Planck's Law dealt with both of these issues and brought the theory 
into agreement with the experimental data by adding an exponential 
term to the denominator that depends on 1/X This keeps both the 
predicted intensity from approaching infinity as the wavelength 
decreases and the area under the curve finite. 
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Section 40.1 Blackbody Radiation and Planck's Hypothesis 
P40.1 The absolute temperature of the heating element is 
T = 150°C + 273 = 423 K 
The peak wavelength is, from Equation 40.2, 

XT =2.898 xl0“ 3 m-K 


2.898 x 10" 3 m • K 2.898 x 10" 3 m • K 


=6.85 xlO" 6 m 


or |6.85 jL/m, which is in the infrared region of the spectrum.) 

(a) From Equation 40.2, 

„ 2.898 x 10 3 m • Kr\ a &L . , 


(b) The wavelength emitted at the greatest intensity is in the infrared 
(greater than 700 nm), and according to the graph in Active 
Figure 40.3, much more energy is radiated at wavelengths longer 
than X max than at shorter wavelengths. 

(a) For lightning, 

. 2.898 x 10~ 3 m • K 2.898 x 10~ 3 m • K r—*—i 

max rj, 1() 4 K 1 - 1 

For the explosion, 

, 2.898 x 10" 3 m ■ K r ^_ 10 —i 


(b) [Lightning: ultraviolet; explosion: x-ray and gamma ray| 

(a) The peak radiation occurs at approximately 560 nm wavelength. 
From Wien's displacement law, 

_ 0.289 8xlO" 2 m-K 0.289 8x 10' 2 m• K ■ — —, 


(b) Clearly, a firefly is not at this temperature, so 
I this is not blackbody radiation I. 
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P40.5 


P40.6 


The energy of a single 500-nm photon is: 

_hc _(6.626xl0~ 34 J-s)(3.00xl0 8 m/s) 


Ey h f~ A 500 x 10~ 9 m 

=3.98 x 10~ 19 J 

The energy entering the eye each second 
E =PAt =IAAt 

=(4.00xlO -11 W/m 2 )^(8.50xl0' 3 m) 2 j(l.00 s) 
=2.27 x 10~ 15 J 

The number of photons required to yield this energy is 
_E _ 2.27 x 10“ 15 J 


E y 3.98 x 10~ 19 J/photon 


=|5.71 x 10 3 photons | 


(i) Planck's equation is E = hf. The photon energies are: 

1.00 eV 


.60 x 10~ 19 J 


(a) E =hf =(6.626xlO" 34 Js)(620xl0 12 s -1 )^^ 

= [2757 eV | 

(b ) E =hf =(6.626xlCT 34 J s)(3.10xlO’s" 1 ) ^y ) 


= 1.28 x 10 eV 


(c) E =hf =(6.626x 10“ 34 J-s)(46.0xlO 6 


.00 eV 


.60xlO 19 J 


= |l.91 x 10~ 7 eV| 

(ii) Wavelengths: 

c 3.00xlO 8 m/s 


(a) A = 


/ 620xlO 12 Hz 


=4.84 x 10 -7 m = |484 nm| 


(b) A =-| = 3 ; 0 t ° n Xl 1 0 n9 1 ^, S =9.68x 10“ 2 m = |9.68 cm| 


(c) A 


/ 3.10xlO 9 Hz 

_ c _3.00x 10 8 m/s 
7 ” 46.0xlO 6 Hz 


= |6.52 m| 
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P40.7 


P40.8 


P40.9 


P40.10 


(iii) Part of spectrum: 

(a) [visible light (blue)| 

(b) [radio wave) 

(c) [radio wave) 

From Wien's displacement law, 

2.898xlCT 3 m-K 2.898xl0~ 3 m-K , | 2 99 x ip^ K ] 


(a) T = 


(b) T = 


A max 970 x 10 “ 9 m 

3 x 10 ~ 3 m ■ K 2.898 x 10 " 3 m • K 


:|2.00xl0 4 K| 


A max 145 x 10 “ 9 m 

Each photon has an energy 

E =hf =(6.626 x 10 " 34 )(99.7 x 10 6 ) =6.61 x 10 ~ 26 J 
This implies that there are 


150 xlO 3 J/s 


2.27 x IQ 30 photons/s | 


6.61 x 10 26 J/photon 
From Equation 40.2, Wien's displacement law. 


560xlO -9 m 


(a) From Stefan's law (Equation 40.1), P =eAoT i . If the sun emits as 
a black body, e = 1. 

r=m V4 


3.85xlO 26 W 


4n (6.96 x 10 8 m ) 2 (5.67 x 10 “ 8 W/m 2 • K 4 


(b) A m; 


8 x 10 ' 3 m ■ K 2.898 x 10 " 3 m • K 


T 5.78xl0 3 K 

=5.01 x 10 ” 7 m = |501 nm] 
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P40.ll Planck's radiation law. Equation 40.6, gives the intensity-per- 

wavelength (W/m 2 -wavelength). Because the range of the wavelengths 
is small, we treat the wavelength as the average A =[\ +A 2 )/2 . Taking 
E to be the average photon energy and n to be the number of photons 
emitted each second, we multiply by area and wavelength range to 
have energy-per-time leaving the hole: 


P =7(A,T)AA 

=--TH--(A,-A,);r(,//2) : 

[(A 1+ A 2 )/2] 5 [e 2k /[ , ^ )l - T ]-i]' 

=En =nhf 

- - he 2 he 

where — 

Solving for n, 

_P _ 8n 2 cd 2 (A 2 - Aj) 


Substituting numerical values and suppressing units, 

_ 8 ^r 2 (3.00xl0 8 m/s)(0.050 OxlO ' 3 m) 2 (l.00xl0 ~ 9 m) 


lOOlxlO " 9 m 


ile^exio^jfs.ooxio 8 ) 
fl 001x10 ,, )(l.38xld a3 )(7.50x lO 3 ^) 


P40.12 


n 


5.90xl0 16 /s 

: k“-i) 


1.30xl0 15 /s 


(a) From Stefan's law, 

P =eAoT i 

=1(20.0x10^ m 2 )(5.67xl0“ 8 W/m 2 -K 4 )(5000 K ) 4 
= |7.09xl0 4 w] 

(b) From Wien's displacement law, 

A max T =A max (5 000 K) =2.898 x 10 " 3 m • K => A max = |580nm| 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 



Chapter 40 905 


(c) We compute: 

he _(6.626X10- 31 J s)(3.00xl0' m/s) oo 

-/-—-r/-v-z.oo x 1U m 

kj (1.38x 10 " 23 J/K)(5 000 K) 

The power per wavelength interval is 

lnhc 2 A 


p(x)=ai(x) = 


X 5 [exp ( hc/Xk B T) - 1] 7 


and 


2 nhc 2 A =2n (6.626x 10 ~ 34 J-s)(3.00xl0 8 m/s) 2 (20.0xl0 “ 4 m 2 ’ 
=7.50 x 10 " 19 J • m 4 /s 

7.50 xl0 ~ 19 J-m 4 /s 


P(580nm) 


(580xl0“ 9 m ) 5 [exp (2.88 jUm/0.580 /itn)-l] 
1.15xlO 13 J/m-s 


-1 


= 7.99xl0 10 W/m 


(d)-(i) The other values are computed similarly: 


(d) 

(e) 

(f) 

(g) 

(h) 

(i) 


X 

he 

e hc/Xk B T _ ^ 

2 n he 2 A 

< P(X), W/m 

JkJ 

X 5 

1.00 nm 

2882.6 

7.96 xlO 1251 

7.50 x 10 26 

9.42 xlO ' 1226 

5.00 nm 

576.5 

2.40 xlO 250 

2.40 xlO 23 

1.00 xlO " 227 

400 nm 

7.21 

1347 

7.32 x 10 13 

5.44 xlO 10 

700 nm 

4.12 

60.4 

4.46 xlO 12 

7.38 xlO 10 

1.00 mm 

0.00288 

0.00289 

7.50 x 10 - 4 

0.260 

10.0 cm 

2.88 x 10“ 5 

2.88 x 10 -5 

7.50 x 10 ~ 14 

2.60 xlO ' 9 


We approximate the area under the P (X) versus X curve, between 
400 nm and 700 nm, as the product of the average power per 
wavelength times the range of wavelength: 

p=p(X)aa 

[(5.44+7.38)x 10 10 W/ml r/ . 0 n 

- - - - —J[(700 - 400)xl0” 9 m] 

=1.92xlO 4 W |~ 19 kW| 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 




906 Introduction to Quantum Physics 


P40.13 (a) The mass of the sphere is 

=(7.86xlO 3 kg/m 3 )^?r (0.020 0 m) 3 J 

= [0.263 kg | 

(b) From Stefan's law, 

P =oAeT i =<j(4nr 2 )eT 4 

P =(5.67 x 10“ 8 W/m 2 -K 4 )[47T(0.020 0 m) 2 ](0.860)(293 K) 4 

= [l781 WI 

(c) It emits but does not absorb radiation, so its temperature must 
drop according to 

Q =mcAT =mc [r f - T ; ) -» 

dPf _ dQ/dt _-P 
dt me me 

-1.81 J/s 

“(0.263 kg)(448 J/kg C°) 

=|-0.015 3 °C/s =-0.919 °C / min | 

(d) A max T =2.898xlO -3 m-K 


dQ dT f 

— =mc —- 
dt dt 


m =pV =p\ 




(e) 

(f) 


A max = 2-898xl ° m K =9.89 xl0“ 6 m =|9.89 juml (infrared) 


e =k f j 2 , 01xl0 -., | 

J A 9.89x10^ m 1 - 

The energy output each second is carried by photons according to 



N_ _P = _ 

At ~E “2.01 x 

Matter is coupled to radiation quite strongly, in terms of photon 
numbers. 


1.81 J/s 
IQ- 20 J/photon 


= 8.98xl0 19 photon/s 
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P40.14 


P40.15 


Planck's radiation law is 

2nhc 2 


j(a, r) = 


For long wavelengths, the exponent hc/A,k B T is small. Using the series 
expansion 


x =l + x + — + — + 
2! 3! 


Planck's law reduces to 
J(l, T) 


Inhc 2 _ Inhc 2 _2nck B T 

A 5 [(l +hc/Xk B T + • •)-1] ~ A 5 (hc/Xkj) A 1 

which is the Rayleigh-Jeans law, for very long wavelengths. 

From the figure, at maximum horizontal displacement X, the bob is at 
height h=L- yjl} -x 2 . Then the pendulum's total energy is 

E =mgh =mgl^L- \/l 2 - x 2 ) 

E =(l.00 kg)(9.80 m/s 2 )(l.00 m- ^(l.OO m) 2 - (0.030 0 m) 2 ) 
=4.41 x 1(T 3 J 





*-©■- 

ANS. FIG. P40.15 

The frequency of oscillation is 


=— = 1 ft =— I 9 ' 80 m =0.498 I 
2k 2 kH 2k\ 1.00 m 


f=2K=2ntf^ 

The energy is quantized: 

E = nhf 

Therefore, 

_ E 4.41 x 10~ 3 J 

n ~hf ~ (6.626 x 10~ 34 J • s)(o.498 s" 1 ) 

= |l.34x 10 31 1 
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*P40.16 (a) The physical length of the pulse is 

t =vt =(3.00xlO 8 m/s)(l4.0xl(T 12 s|j | 4.20 mm] 

(b) We find the number of photons from 

= hc _ (6.626xl0- M J s)(3.00xl0«m/s) 

A 694.3 xl0“ 9 m ' J 

Then, 

N = - 3 '° 0J iq =1 1.05xlO 19 photons I 

2.86 x 10“ 19 J I---1 


(c) The volume of the beam is 

V =(4.20 mm)[7r(3.00 mm) 2 ] =119 mm 3 
The number of photons per cubic millimeter is 
_1.05xl0 19 photons _ 


119 mm 3 


- = 8.82 x 1CP mm 3 


Section 40.2 The Photoelectric Effect 

*P40.17 (a) The cutoff wavelength is given by Equation 40.12: 

_ he _(6.626xl0“ 34 J-s)(2.998xlO 8 m/s) _r-, 

-(4.20 eV)(l.602 x 10~ 19 J/eV) ^Snrnj 

which corresponds to a frequency of 

r c 2.998 x10 s m/s 1---1 

= T = 7<wxin-> m H 1.02X10” Hz I 


(b) We find the stopping potential from — = 0 + eAV s : 


(6.626 x 10~ 34 )(2.998 x 10 8 


Therefore, AV S =2.69 V 


=(4.20 eV)(l.602xl0“ 19 J/eV) 
+(l.602xl0“ 19 )AV s 
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P40.18 


P40.19 


P40.20 


(a) At the cutoff wavelength, the energy of the photons is equal to the 
work function ( K max = 0): 


he _ 

T' 


A= j " = , . 21fl m " | -V = >„ss„„i 


(b) This is the cutoff frequency: 

_c_ _ 3.00xl0 8 m/s = | 1 _ 04xl0 » Hz | 

J A 288 x 10“ 9 m 1 - 1 

(c) The maximum kinetic energy is the difference between the energy 
of the photons and the work function: 

K max =E - 0 =5.50 eV- 4.31 eV = |i.i9eV| 

(a) Einstein's photoelectric effect equation is K max = hf- (j) and the 
energy required to raise an electron through a 1-V potential is 1 
eV, so that 

K max =eAV s =0.376 eV 

The energy of a photon from the mercury lamp is: 


hf 


J j _ (6.626xl0 34 Js)(2.998xl0 8 m/s) 
A 546.1 xl0“ 9 m 

1 240 eV • nm 


leV 

1.602 xlO -19 J 


- =2.27 eV 


546.1 nm 

Therefore, the work function for this metal is: 


0 =hf - K max =2.27 eV - 0.376 eV = 1.89 eV 


(b) For the yellow light, A = 587.5 nm and the photon energy is 
2.11 eV 

J X 587.5 nm 

Therefore the maximum energy that can be given to an ejected 
electron is 

K max =/z/-0 =2.11 eV -1.89 eV =0.216 eV 
so the stopping voltage is 
A17 = 0.216 V 

(a) The energy of a photon with a wavelength of 400 nm is 
he (6.63x 10~ 34 J-s)(3.00xl0 8 m/s )( 1 eV 


A 

=3.11 eV 




.60 x 10 -19 J 
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P40.21 


P40.22 


The energy of a photon with wavelength 400 nm is calculated 
to be 3.11 eV. Now compare this energy with the given work 
functions. Of these metals, only lithium shows the photoelectric 
effect because its work function is less than the energy of the 
photon. 

(b) For lithium, 

K max =E-0 

_(6.63xl0~ 34 Js)(3.00xl0 8 m/sV 1 e V ^ 

400 xlO" 9 m [lAOxlO" 19 J J 

- 2.30 eV 

= | 0.808 e# 

The maximum kinetic energy of the electrons is 

Kmax = \WMmax = |(9.11 x 10' 31 kg)(4.60 x 10 5 m/s) 2 

= 9.64 x 10~ 2 ° J = 0.602 eV 


(a) The work function is 


(j) =E - X max 


1 240 eV • nm 
625 nm 


- 0.602 eV = |l.38eV| 


(b) At the cutoff frequency, the energy of the photons equals the 
work function: 


E =hf =4> 


f 


_(f> _ 1.38 eV r 1.60x 10“ 19 J^| 

"/z"6.626xl0- 34 J-s[ 1 eV J 

= |3.34x 10 14 Hz] 


(a) The energy needed is E = 1.00 eV = 1.60 x 10 19 J. 
The energy absorbed in time interval At is 
£ =PAt =IAAt 


So, 


At 


E_ __ 1.60 x 10~ 19 J _ 

IA (500 J/s • m 2 ) n (2.82 x 10“ 15 mf 


=1.28 xlO 7 


s 


148 days] 


(b) 


The result for part (a) does not agree at all with the experimental! 
observations.) 
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P40.23 Ultraviolet photons will be absorbed to knock electrons out of the 

sphere with maximum kinetic energy K max =hf -(f). As the sphere loses 
charge, it becomes more positive relative to V = 0 at r = Eventually, 
the sphere will accumulate enough charge +0 that the potential 
difference between the sphere's surface and infinity reaches the 
stopping potential of the photoelectrons, at which point no more 
electrons can escape. 



P40.24 


Solving for 0 gives 


5.00 x 10~ 2 m 

^ (l.602x!0~ 19 C)(8.99xl0 9 N-m 2 /C 2 ) 


(a) 


w [r(6.626xl0- 34 J-s)(2.998xl0 8 m/s) 

X j 200 x 10“ 9 m 

—v (^ST 1 )} 

= [834 x IQ- 12 C| 

The energy of photons is 


E =te = 1 240n m .eV = [ g 57w] 


(b) The photon energy is larger than the work function. 

(c) KE max =E-p =8.27 eV-6.35 eV = |l.92 eV| 


(d) K max =eAV s 


- = |1.92 V| 
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Section 40.3 The Compton Effect 

P40.25 From the Compton shift equation, the wavelength shift of the scattered 
x-rays is 

AA =-^-(l-cos0) 
m e c 

6.63 x 10~ 34 J • s h __ no i 

=7-~-V7-«-- cos 55.0 ) 

(9.11 xl0~ 3 kg)(3.00x!0 8 m/s) 


=1.03 xl0~ 12 m 


1 nm 


= 1.03x10 nm 


P40.26 We note that A" - A =(A" - A') +(A' - A) 

C 

Incident y 

Photon , a / 

/V^C^r 


P 'Electron 1 


-Oc 


Electron 2 


ANS. FIG. P40.26 


At A , the scattering angle is 6, and 

A'-A =——— (l — cos 0) 
m e c 

At B, the scattering angle is 180° - 6, and 

A" - A' = 1 - cos(180° - 6)1 = -^—[l + cos0l 

mr m„c 


Therefore, 

A"-A=(A"-A')+(A'-A) 

=—^-(l +cos6) +——(l- cost?) =^~ 
m e c m e c m e c 

2(6.63 xlO' 34 Js) 

_ (9.11xl0' 31 kg)(3.00xl0 8 m/s) 

= |4.85xl0~ 12 m| 
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*P40.27 This is Compton scattering through 180°: 

F _ (6.626x IQ 34 J s)(3.00xl0 8 m/s) 

0 A 0 (0.110xl0“ 9 m)(l.60xl0~ 19 J/eV) 6 

AA =—(l-cos0)=(2.43xlO" 12 m)(l-cosl80°) 
m e c 

=4.85 x 1CT 12 m 


he 

X = A 0 + AA = 0.115 nm, so £' =— =10.8 keV. 

X 

By conservation of momentum for the photon- 
electron system. 

Incident 

Photon 

<^o- 

Scattered Recoiling 
Photon Electron 

k, hi 2 

and v 'Ai + ^} 

ANS. FIG. P40.27 

p, =(6.626x10-1 s)f (300xl0 “ 19 m/s)/c ' 

J \ 1.60 xl0“ 19 J/eV , 

) 


X lo.llOx 10“ 9 m + 0.115 x 10“ 9 m 

22.1 keV I 


By conservation of system energy, 11.3 keV = 10.8 keV + K e , so that 
[~K e =478 eV | . 

Check: E 2 = p 2 c 2 + m 2 c 4 or ( m e c 2 +K e f ={pcf +[m e c 2 f 

(511 keV +0.478 keV) 2 =(22.1 keV) 2 +(511 keV) 2 
2.62 x10 s keV 2 =2.62 x 10 s keV 2 
h 

P40.28 (a) and (b) From AA =-(l - cosfl) we calculate the wavelength of the 

m e c 

scattered photon. For example, at 0= 30° we have 
A' +AA =120 x 10" 12 m 

6.626x 10~ 34 J • s onn0 \ 

+ (9.11xl0' 31 kg)(2.998x 10 8 m/s)' 1 C ° S ‘ ' 
=120.3 xl0“ 12 m 
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P40.29 


P40.30 


The electron carries off the energy the photon loses: 
£ _hc he 

A 0 % 

_ (6.626 xlO -34 J*s) (2.998x10 s m/s) 

” (l.602xl0“ 19 J/eV) 


^ 120 x 10” 12 m 120.3 xl0' 12 m 

=27.9 eV 

The other entries are computed similarly. 


0, degrees 

0 

30 

60 

90 

120 

150 

180 

A', pm 

120.0 

120.3 

121.2 

122.4 

123.6 

124.5 

124.8 

K e ,eV 

0 

27.9 

104 

205 

305 

376 

402 


(c) 


180°. We could answer like this: The photon imparts the greatest 
momentum to the originally stationary electron in a head-on 
collision. Here the photon recoils straight back and the electron 
has maximum kinetic energy. 


With K e = E' and K e =E 0 - E', we have E' =E 0 - E' -> £' =^, 

We also have A' =^; therefore. A' = =2 — =2A 0 . 

E' EJ2 E 0 

By the Compton equation, 

A' =A 0 +A C (l - cos#) -> 2A 0 =A 0 +A C (l - cos#) 


Therefore, 


, . A 0 0.00160 . , 

i - cose =— =- -> e=\ 

A c 0.002 43 


(a) To compute the Compton shift, we first determine the electron's 
kinetic energy: 

K =^m e u 2 =|(9.11xl0~ 31 kg)(l.40xl0 6 m/s) 2 
=8.93 x 10“ 19 J =5.58 eV 
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P40.31 


Then, 

= /rc = 1 240eV-nm =155QeV 
0 A 0 0.800 nm 

■nr -n v A he 1 240 eV• nm 

E =E 0 - K and A =— =-=0.803 nm 

E' 1 550 eV-5.58 eV 

and the Compton shift is 


AA =A' - A 0 =0.002 89 nm = |2.89 pm| 
(b) AA =A c (l-cos0) 


-0.189 |e=101°| 


. . AA . 0.002 89 nm 

cos 6 =1-=1-= 

A r 0.002 43 nm 


The photon has momentum p 0 =E 0 /c =/?/A 0 before scattering and 
momentum p' =hjX after scattering. The electron momentum after 
scattering is p e . 

(a) Conservation of momentum in the X direction gives 
p 0 = p'cosO+p e cos 6 
h 


or , 

Conservation of momentum in the y direction gives 
0 =p'sind-p e sm6 

which (neglecting the trivial solution 0=0) gives 


Substituting [2] into [1] gives 

h 2h 
— =—cos 6 
A 0 A' 

or A'=2A o cos0. 

Substitute [3] into the Compton equation: 


[ 1 ] 


[ 2 ] 


[3] 


A'-Aq =-(l-cos0) 

m e c 

(2A o cos0)-A o =——— (1 — cos 0 ) 
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P40.32 


Solving, 


m e c 
he h 


2A 0 H-cos 0 =\ 


he h 

cos 6 = +- 

£ n m.c 


-^—[2m e c 2 +E 0 )cosfN || \ (m e c 2 +E 0 ) 
m e c b 0 m e c b 0 

n m e 2 +E 0 0.511 MeV+0.880 MeV n 

cos 8— ——— =—. -r-=0.731 

2m e c +£ 0 2(0.511 MeV) +0.880 MeV 


-> 6 = |43.0°| 
(b) Using equation [3]: 


A' A 0 (2cosd) 2cos@ 2cos43.0‘ 


- = |0.602 MeV] 


Then, 


, E' 0.602 MeV ■ m , - n 

p =— =-=|3.21xl0 kg-m/s | 


(c) From energy conservation: 

K e =E 0 - £' =0.880 MeV - 0.602 MeV = |0.278 MeV | 


From equation [2], 


, 0.602 MeV 1 

f c ) 

( 1.60x 10“ 23 J^| 

II 

a. 

1 

y 3.00x10 22 m/s J 

[ 1 MeV J 


|3.21xl0~ 22 kg-m/s| 


The photon has momentum p 0 =E 0 /c =/z/A 0 before scattering and 
momentum p' =hj'X' after scattering. The electron momentum after 
scattering is p e . 

(a) Conservation of momentum in the X direction gives 
p 0 = p'cosO+p e cos 0 


or x = i^ +p ') cose - m 

Conservation of momentum in the y direction gives 
0 =p'sm6-p e sind 
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which (neglecting the trivial solution 0=0) gives 


r,=r -j. 

Substituting [2] into [1] gives 
h _2 h . 

A 0 A' C ° S 

or A'=2A 0 cos 6. 

Substitute [3] into the Compton equation: 


X'- X 0 = ——— (l — cos 0 ) 


(2A n cos0)-A n = ———(l — cost?) 
m e c 

( 2A 0 + |cos0 = A 0 + 

{ m e c) m e c 

n hc h ^ . /ic /i 

2 — +- cos0 = — +- 

E n m,c J E n mu 


-^(2m e c 2 +E o )cos0 [m e c 2 +E 0 ) 

0 =cos _1 


COS0 = 


m,c 2 +E n 


2m,,c 2 +E 0 

(b) Using equation [3]: 

he he 


m.c 2 +E n 


2m e c 2 +E 0 


£' = 


Then, 


A' A o (2cos0) 2cos0 
\Ejlm e c 2 +E 0 ) 


E 0 [2m e c 2 +E 0 


2 (m.c 2 +E n . 


_F _ 


2c(m e c 2 +E 0 ) 


(c) From energy conservation: 

Ep[2- m e C +E o) 


K =£„ - £' =£„-- 


_2£ 0 (m e c 2 +E 0 ) - £ 0 (2m e c 2 +E 0 ) 
2(m e c 2 +E 0 ) 


[ 2 ] 


[3] 
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_(2 E 0 m e c 2 +2E 2 0 )-(2E 0 m e c 2 +E 2 0 
2 [m e c 2 +E 0 ) 

2E n w „c 2 +2E 2 - 2E ( mc 2 - E 2 


From equation [2], 

Ve =V‘ 


E 0 (2 m e c +E 0 ) 


(a) From AA =-(l-cos#): 

me 


AA = 


6.626 x 10 34 J • s 


(9.11 x 10“ 31 kg) (2.998 x 10 8 m/s' 

=4.89 x 1CT 13 m = |4.89 x 10 4 nml 

„ . . he 1 240 eV • nm . 3 

(b) A n = =-r-=4.13 x 10 -3 nm 

0 E 300 x 10 3 eV 

and 


(l-cos37.0°) 


P40.34 


A' = A 0 + AA = 4.62 x 10" 1: 
_hc _ 1 240 eV • nm 
4.62 x 10" 3 nm 


2 m = 4.62 x 10 3 nm 
= 2.68 x10 s eV = |268keVl 


(c) 

(a) 


K e =£„-£' = |31.7 keV| 

It is, because Compton's equation and the conservation of vector 
momentum give three independent equations in the unknowns 
A', A 0 , and u. 


(b) Assuming the photon is incident along the X direction, the 
equations are 

A'-A 0 =— (l-cos90.0°) ^ A'=A 0 +— [1] 

m e c m e c 

and 


A p x =0 —> ~— =ym e u cos 20.0° 

A 0 


A p y =0^> — =ym e u sin20.0° 
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P40.35 


Dividing the latter two equations gives 
^ = tan 20.0° 


Substituting equation [2] into equation [1] gives 

A' =A' tan 20.0°+— 

m e c 

A' — ^ ^ C 

m e c( l-tan20.0°) m,,c 2 (l-tan 20.0°) 

_ 1240 eV • nm 

_ (o.511xl0 6 eV)(l-tan20.0°) 


=3.82 x 10" 3 nm =3.82 x 10" 12 m = |3.82 pm| 
We treat the electron non-relativistically because 

" = 2.18 X10‘ m/s =a0Q7 27 <0 , 01 
c 3.00x10 m/s 

The electron's final kinetic energy is 

K f =-mu 2 . 

f 2 e 

This is the energy lost by the photon: 

he he 

A E=hf 0 -hf =— — =K f 

From the Compton equation, we have 
AA =A'-A 0 =———(l — cosd) 


A' =A 0 +—-—(l — cosd) 
m e c 

Substitute [2] and [3] into [1]: 

_hc he _(A q —A')/zc_ h 


k, ~K v 


A 0 A' 
h 2 c[l-cosd) 


(l-cos0)-^7 

m„c A n A 


m cA n A n + h (l — cos 0) 

L m e c 


[ 2 ] 


[ 1 ] 

[ 2 ] 

[3] 
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Solving, 


m e cx\ A 0 H —— (1 — cos d) =—(l-cos0) 

L m e C J K f 

m e cA,Q +/i(l-cos6)A 0 --^(l-cos#) =0 


(a) Solve for A 0 : 


K = ~ 


h(l-cos6)± |[/z(l-cos#)] -4 (m e c)\ 


-^(l-cosS) 


A 0 = - 


/z(l-cos0)± /[/z(l — cos0)] + 


4 h 2 m e c 2 


(1 — cos 0 ) 


h( l-cos0) ± j[/z(l-cos#)] 2 + ^(l-cos#) 


_ ft(l-cos0) \ t 
2 m,c 


Only the positive answer is physical: 
. _h[ 1-cos#) 


2 (l- COS#) 


J 8 ^_" 

|_m 2 (1-cos#) 


(6.63 xl0“ 34 J s)(l-cos 17.4°) 
- 2(9.11 xlO -31 kg)(3.00x!0 8 m/s) 


1+14 

8(3.00xlO 8 m/s) 2 

(2.18xl0 6 m/s) 2 (l-cosl7.4°)J 

i 


=1.01 xlO“ 10 m = 10.101 run 


(b) From [3], 


A' =A 0 +-(l-cos#) 

m p c 
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P40.36 


Substituting, 
X 


2 m e c 


=-(l-cos6 

m e c 

=1.0116 xlCT 10 m 


i r 

8c 2 ' ! 

H 1 

|_M 2 (l-cos6)J 1 


—(l — cost?) 


I 3 1 1 

8c 2 l] 

1^1 

+ |_m 2 (1-cos6)J 1 


The electron scattering angle is 0. By conservation of momentum 
in the transverse direction: 


0 = — sin 6 — m e u sin (ft 
A 


sin0 = 


A 'm p u 


Xm„u 


sin 6 


6.63x!0~ 34 Js 


r(9.11xl0" 31 kg)(2.18xl0 6 m/s' 


sinl7.4 c 


= |80.7°| 


Maximum energy loss appears as maximum increase in wavelength, 
which occurs for scattering angle 180°. Then, 

AA ={— l(l-cosl80°) =— 


A 0 + AA Aq + 2 h/ me 
2 E n 


where m is the mass of the target particle. The fractional energy loss is 
E 0 -E' _ hc/X 0 - he/X _ X - A 0 _ AA _ 2 h/mc 

E 0 hc/A 0 X 

^ 1 . he E 0 -E' 2 h/mc 

Further, A 0 =—, so—-— = 7—7—T77 - 2 • 

E 0 E 0 hc/E 0 +2h/mc me +2E 0 

(a) For scattering from a free electron, me 2 = 0.511 MeV, so 

E 0 -E' _ 2(0.511 MeV) 

E 0 “0.511 MeV +2(0.511 MeV) " 

(b) For scattering from a free proton, me 2 = 938 MeV, and 

£ 0 938 MeV+2(0.511 MeV) 1 - 1 
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Section 40.4 The Nature of Electromagnetic Waves 
P40.37 With photon energy E = hf = 10.0 eV, a photon would have 


E 


h 


10.0 (1.602 x 10 -19 j) 
6.626 x 10“ 34 J • s 


=2.42 x 10 15 Hz 


and 


P40.38 


_c _3.00xl0 m/s _ 
"/ _ 2.41 xlO 15 Hz ' 


To have photon energy 10 eV or greater, according to this definition, 
ionizing radiation is the ultraviolet light, x-rays, and y rays with 
wavelength shorter than 124 nm; that is, with frequency higher than 
2.42 x 10 15 Hz. 


The photon energy is 

_hc _(6.626xl0~ 34 J-s)(3.00xl0 8 m/s) 


3.14 xl0“ 19 J 


The power carried by the beam is 

(2.00 x 10 18 photons/s)(3.14 x 10“ 19 J/photon) =0.628 W 


Its intensity is the average Poynting vector 




fi.5 

T“ 


=2.61 xlO 5 W/m 2 


(a) To find the electric field, we use 

1 E 2 

Savg =- E B =-^L 

g M> 2 M,c 

Solving, 

E_ =(2maJ' 2 

=[ 2 ( 4 ^xlO" 7 T-m/A)( 3 . 00 xlO 8 m/s) 

x(2.61xl0 5 W/m 2 )] V: 
=1.40xlO 4 N/C =1 14.0 kV/m I 
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(b) 

(c) 


(d) 


B max =— = \ 4 1 X \°1 N/C =4.68xl0“ 5 T =|46.8 /JT\ 
a c 3.00 x 10 8 m/s 1 - 1 

£ 

Each photon carries momentum —. The beam transports 
c 
p 

momentum at the rate —. It imparts momentum to a perfectly 

c 

reflecting surface at the rate 

IP , 2(0.628 W) - 

— = force - 


=4.19 xlO" 9 N =|4.19nN| 


3.00 x 10 8 m/s 
The block of ice absorbs energy mL =PAt melting 


_PAt _(0.628 W)[l.50(3 600 s)] 


3.33xl0 5 J/kg 


.02x 10" 2 kg =|!0.2g| 


Section 40.5 The Wave Properties of Particles 

__ h 6.63 x 10“ 34 J • s 

P40.39 (a) p =- mg M. 7 - i 

’ y X 4.00 x 10~ 7 m 

(b) From p =m e u, 


= 1.66x10 27 kg-m/s 


u =-£- = L66X1 ° —=1.82xlO 3 m/s =| 1.82 km/s| 
m e 9.11 xlO -3 kg 1 - 1 

h \ 

P40.40 (a) Electron: X =— and K =—m e u 2 =——=——, 

p 2 e 2 m e 2 m e 


so p =^2m e K 
h 


and X 


6.626 x 10~ 34 J • s 


P m e K ^2(9.11 xlO' 31 kg)(3.00)(l.60xl0' 19 j) 
=7.09xlO' 10 m = ^Q.7Q9 nm 

(b) Photon: X =y and E = hf, so f =y, 

, . he 1240 eV • nm r——- 1 

and X =— =-= 413 nm 

r a nn 1 - 1 
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P40.41 


P40.42 


P40.43 


Since the de Broglie wavelength is A =—, the electron momentum is: 


V = 


h 6.626x 1CT 34 Js 
l.OOxKT 11 m 


=6.626x 1CT 23 kg-m/s 


(a) For electrons, the relativistic answer is more precisely correct. 
Suppressing units, 

K e =^jp 2 c 2 +(m e c 2 f - m e c 2 =^[pcf +(m e c 2 f - m e c 2 


t)-i 


15.1 keV I 


keV 


.602 x 10 6 J 


=0.014 8 MeV = |!4.8keV| 

[or, ignoring relativistic correction, | 

K _ p 2 _ (6.626 xlO" 23 ) 2 f 1 keV 
e 2 m e 2(9.11 x 10" 31 ) [ 1.602 xlO" 1 

(b) For photons (suppressing units): 

E r =pc =(6.626xl0- 23 )(2.998xl0')[ T ^t 
= | 124 keV] 

The de Broglie wavelength of the proton is 

i Jl =Jl = 6 - 626 x 10 " 34 J • s 

p mu (l.67xl0~ 27 kg)(l.00xl0 6 m/s) 

= | 3.97 x 10 -13 m | 

Refer to Figure P40.43 (or ANS. FIG. 

P40.43). For Bragg reflection, the 
angle 6 is measured from the 
reflecting plane to the incident beam, 
as shown in Figure 38.23. Angle (f) is 
measured from the incident beam to 
the reflected (scattered) beam. The 
law of reflection applies relative to 
the normal to the plane (the dashed 
line), so the angles of incidence and 
reflection are equal to 0/2. The angle between the reflecting plane and 
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P40.44 



=2dcos| 


9 


The vertical beam is incident along the normal to the horizontal lattice 
planes which contain atoms that are separated by distance a, and the 
reflecting lattice planes form the angle 0/2 with the horizontal planes 
because the normal to the reflecting planes forms the angle 0/2 with 
the vertical beam. Therefore, the spacing of the reflecting lattice planes 

is d =flsin^j. 

Thus, for the first maximum, with m = 1, 

A =2^flsin^jjcos^j =asin0 
We know that 


V yj2m~K 

= _ 6.626 x 10~ 34 J • s _ 

^2(9.11 xlO" 31 kg)(54.0x 1.60x 10" 19 j) 

Therefore, the lattice spacing is 


=1.67 x 10 m 


1.67 xlO" 10 m 


sin0 


=2.18xlO" 10 = 10.218 nm| 


, x 1 h 6.626 x 1CT 34 J • s n _ 19 

(a) A ~ 10 m or less, so p --—--— ~ 10 kg • m/s or 

A 10 m 

more. The energy of the electron is, suppressing units, 

E =ylp z c 2 +m e 2 c 4 

~ yj[ 10“ 19 ) 2 (3 x 10 8 f +(9 x 10‘ 31 f (3 x 10 8 ) 4 
or E ~ 10' 11 J ~ 10 8 eV or more 
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P40.45 


P40.46 


so that 


K=E- m e c 2 ~ 10 8 eV - (0.5 x 10 6 eV) |~10 8 eV| or more 

(b) If the nucleus contains ten protons, the electric potential energy of 
the electron-nucleus system would be 

u _t, W , <9x 10 9 N m 2 /C 2 )[lo(l.60xlQ- 19 c)](— e) 

e r 0.5 x 10“ 14 m 

| —10 6 eV| 

(c) With its K + U e ~ 10 8 eV » 0, [the electron could not be confined) 
|to the nucleus] . 

(a) From E =ymc 2 , 


7 


E _ 20 000 MeV 
'me 2 0.511 MeV 


= |3.91xl0 4 


(b) We find the momentum of the particle from 

pc =[E 2 -(mc 2 ) 2 ] 1/2 =[(20 000 MeV) 2 -(0.511 MeV) 2 ] 
=20.0 GeV 


Then, 

p = |20.0 GeV/c =1.07xl0~ 17 kg-m/s| 


(c) The electron's wavelength is 


h 6.626x!0~ 34 Js 
~p _ 1.07xl0“ 17 kg-m/s 


16.21 x HT 17 m] 


(d) 


The wavelength is two orders of magnitude smaller than the size) 
of the nucleus.) 


Given the assumption in the problem statement, for significant 
diffraction to occur, we must have 



where U is the speed of the student as he passes through the doorway. 
The variable we do not know here is the speed U, so let's solve for it: 


u < 10 



This expression will give the upper limit to the speed of the student. 
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P40.47 


Substitute numerical values: 


u < 10 


6.626 x 10' 34 J s 
(80 kg)(0.75 m) J 


= 1.1 x 10 34 m/s 


This is an extremely low velocity. It is impossible for the student to 
walk this slowly. At this speed, if the thickness of the wall in which the 
door is built is 15 cm, the time interval required for the student to pass 
through the door is 1.4 x 10 33 s, which is 10 15 times the age of the 
Universe. 


(a) For the electron, 

K =(y - l)m e c 2 


For the photon, 

E ph = K and 
Then the ratio is 


and A =- =-^— 
p ym e u 

i _ c _ch _ch _ ch 
ph ”7 _ ~E ~~K ~[y-l)m e c 2 


Aph _ ch ym e u _| 
A [y-l)m e c 2 h 


y-lc' 


yll-u 2 /c 


(b) For u = 0.900c, 


1 (0.900) 

y/l-(0.900) 2 (l/7l-(0.900f -1 


(c) The ratio for a particular parti cle speed do es not depend on the 
particle mass: There would be ^io change] 

(d) For u = 0.001 00c, 


V _ 1 _ (o.ooi oo) 

X V 1 - (0-001 oo) 2 (l/^/l-(o.ooi oo) 2 )-1 


= |2.00xl0 3 | 


(e) As->1,7“ 


1 and 7 -1 becomes nearly equal to y Then, 


K 7 


As ^ of 1 - i/T 1 ' 2 _ ! . i-f-iK-1 =K ^ 

c { c ) l 2 )c 2 2 c 2 
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X y 


u/c 




P40.48 (a) E 2 = pY + mY with E = hf, 


h 


and 


A ... A c 

Substituting, we find that 


2 2 h 2 c 2 h 2 c 2 (f V 1 1 

and lc)=¥ + Y c 


f 1 1 

(b) No. For a photon, — =—. The third term — in the equation 

above for particles with mass shows that [they will always have a| 
[different frequency from photons of the same wavelength) . 


Section 40.6 A New Model: The Quantum Particle 

P40.49 (a) The particle is freely moving, so we attribute no potential energy 

to it. Its energy is 

E =K =im» 2 =hf =(^)(2 */) =ttco 
For its momentum we have 




Thus, 


co =— and k =— 


Then the phase speed is 

(b) We see that the phase speed is only one-half of the experimentally 
measurable speed U at which the quantum particle transports 
mass, energy, and momentum. In the textbook's Active Figure 
28.17, individual wave crests would move forward more slowly 
than their envelope moves forward, so individual crests would 
appear to move backward relative to the packet containing them. 
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P40.50 As a bonus, we begin by proving that the phase speed v p =— is not 
the speed of the particle. 

co \Jp 2 c 2 + m 2 c 4 h ^y 2 m 2 u 2 c 2 + m 2 c 4 
Vp k hymu Jy 2 m 2 u 2 


c 2 f 1 u 2 ^ f W 
1 — y\- c \l + — 
u { c J V u 


= cJl + ^ T = cJl + —I — I = Cjl + — -1 = — 

y u 

In fact, the phase speed is larger than the speed of light! A point of 
constant phase in the wave function carries no mass, no energy, and no 
information. 

Now for the group speed: 

_dco _d[frco) _dE _ d 


uL u I ; 2 2 
— ——7— r = — =—Jtn c +p c 
dk d(hk) dp dp ^ 


=^[m 2 c i +p 2 c 2 ) 1/2 (o +2pry 


V c 


p c +m c 


y mu 


y m u +m c 
i 2 /[l-u 2 lc : 


u 2 /(l-u 2 /c : 


\lu 2 /(l-u 2 /c 2 )+c 2 ]j(u 2 +c 2 -u 2 )/(l-u 2 /c 2 ) 

It is this speed at which mass, energy, and momentum are transported. 


Section 40.7 The Double-Slit Experiment Revisited 


(a) A=—=■ 


6.626 x 1CT 34 J s 


mu (l.67 x 10“ 27 kg)(0.400 m/s) 


=9.92 x 10" 7 m = 992 nm| 


(b) For destructive interference in a multiple-slit experiment, 
dsmQ = ^m + -^jh, with m = 0 for the first minimum. Also, 


y 


tan 0 = sin 6 


_IL _ (9.92xl0~ 7 m )(10-Q m) 
~2d 2(l.00xl0' 3 m) 


■g?|4.96 mm| 
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P40.52 


P40.53 


(c) 


No; there is no way to identify the slit through which the 
neutron passed. Even if one neutron at a time is incident 
on the pair of slits, an interference pattern still develops 
on the detector array. Therefore, each neutron in effect 
passes through both slits. 


We find the speed of each electron from energy conservation in the 
firing process: 

E =0 =K f +U f =-mu 2 -eV 
2 


7 

leV _ /2(l.60xl0 19 C)(45.0V) 
9.11 x!0“ 31 kg 


=3.98 xlO 6 m/s 


The time of flight is 


- =7.04 x 1(T 8 s 


u 3.98xlO 6 m/s 
The current when electrons are 28 cm apart is 


l _c] = _e_ _ 1.60xl0 19 C 


= |2.27xlO" 12 A] 


t At 7.04 x 10“ 8 s 
Consider the first bright band away from the center: 
d sin0 =mX 

4 f 0.400 x 10“ 3 m 


(o.060 0x10 6 m)sin tan 


20.0 x 10~ 2 m , 

=(l)A =1.20xlO -10 m 


. , . - h h h 

And since A =— = -, so m e u =—, 

p m e u A 

and 


1 2 m,u‘ 
K =-m„u 

2 e 


2 m. 2mA 2 


2emA 2 


Therefore, 


(6.626 xlO' 34 J-s) 2 

2(l.60xl0" 19 C)(9.11xl0 -31 kg)(l.20xl0“ 10 m) 2 
= | 105 V| 
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Section 40.8 The Uncertainty Principle 

h 

P40.54 (a) The uncertainty principle states ApAx =mAuAx > —, so 

A u > —— =—t - \ S -r =10.250 m/s I 

4;rmAx 4^(2.00 kg)(l.00 m) - 

(b) The duck might move by (0.250 m/s)(5.00 s) = 1.25 m. With an 
original position uncertainty of 1.00 m, we can think of Ax 
growing to 1.00 m +1.25 m = |2.25 m| . 

h 

P40.55 The uncertainty principle states AxA p x > —, where 
A p x =mAu and fi =h/2n. 

Both the electron and bullet have a velocity uncertainty 
A u =(0.000 100)(500 m/s) =0.050 0 m/s 


For the electron, the minimum uncertainty in position is 


Ax 


h 6.626 xlO -34 J-s 

' 4nmAu 4/r(9.11xl0- 31 kg)(0.050 0 m/s) 


For the bullet. 


Ax 


h 6.626xlO" 34 J-s 

4nmAu 4^(0.020 0 kg)(0.050 0 m/s) 


15.28x 10~ 32 rn| 


P40.56 


The momentum of the block is p = mv, and if the mass is known 
precisely, the uncertainty in the momentum is Ap =mAv. From the 
uncertainty principle, AxA p x > Ti/2 , so if there is an uncertainty of 
Ax =0.150 cm =1.50 x 10“ 3 m in the position of the particle, the 
minimum uncertainty in its speed is 


( Au *L 


, ( A pJ min h 

m 47rw(Ax) max 
6.63xlO' 34 J-s 
4 tt (0.500 kg)(1.50 xl0~ 3 m) 


=| 7.03 x IQ' 32 m/s | 
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P40.57 


The maximum time one can use in measuring the energy of the particle 
is equal to the lifetime of the particle, or Af max ~ 2 fJs. One form of the 
uncertainty principle is AE At > ti/2 . Thus, the minimum uncertainty 
one can have in the measurement of a muon's energy is 


_6.626xl0~ 3 Js 


4;r(2xl(r 6 


= 3 x 10 J = 2 x 10 eV 


P40.58 Assume the rifle is firing horizontally and let the distance between the 
rifle and the target be L. The uncertainty in the vertical position of the 
particle as it leaves the end of the rifle is Ay = 2.00 mm. The 
uncertainty principle will allow us to approximate the uncertainty in 
the vertical momentum of the particles (ignoring gravitational 
acceleration): 


A V A P v * 2 


Aw &- 

2A y 


The time interval for the particle to reach the screen is, from the 
particle under constant velocity model. 


During this time interval, again from the particle under constant 
velocity model, the particle moves in the vertical direction by a 
distance (again ignoring gravitational effects) 

Ay, =®, At = v,~ = Vy j' 

where Ay f is the vertical distance though which the particle moves 
when it arrives at the target and p y is the vertical momentum of the 
particle. Because the particles begin with zero vertical momentum, let's 
assume that the vertical momentum of the particles is on the order of 
the uncertainty in the vertical momentum. Then, 

A n L 

Ay. ~ - — 

2Ay p x 

What we don't know in this expression is the distance L, so let's solve 
for it: 

L s 2p,AyAy t 
h 
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Substitute numerical values: 

2(0.001 00 kg)(100 m/s)(0.002 00 m)(0.010 0 m) 
1.055 x 10 11 J-s 

- 4 x 10 28 m 


P40.59 


According to Table 1.1, this distance is two orders of magnitude larger 
than the distance from the Earth to the most remote known quasar. In 
conclusion, then, for rifles fired at targets at reasonable distances away, 
a spread of 1.00 cm due to the uncertainty principle would be impossible. 

With Ax =1 x 10“ 14 m, the uncertainty principle requires 


. ^ n _ 1.055 x 10~ 34 J-s 

Vx ~ 2Ax 2(l x 10" 14 m) 


=5.3x10 21 kg-m/s 


The average momentum of the particle bound in a stationary nucleus 
is zero. The uncertainty in momentum measures the standard 
deviation of the momentum, so we take p~ 5 .3 x 10 -21 kg • m/s. 


For an electron, the non-relativistic approximation p = m e u would 
predict u~ 6 x 10 9 m/s, which is impossible because U cannot be 
greater than c. Thus, a better solution would be to use 

E =[(m e c 2 f +(pcfj 2 « 9.9 MeV =ym e c 2 
to find the speed (with /T^C 2 = 0.511 MeV): 

7«19.4 = 7 1 SO u ~ 0.998 67c 

Vl-w/c 


For a proton. 


_p _5.3xl0 21 kg-m/s 


m 1.67x10 27 kg 
about one-hundredth the speed of light. 


=3.2 xlO 6 m/s =0.011c 


Additional Problems 

P40.60 From each wavelength we find the corresponding frequency using the 
relation A/ = C, where C is the speed of light: 

For A 1 =588 x 10' 9 m f x = j- =5.10 x 10 14 Hz 
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For A 2 =505 x 1CT 9 m f 2 =5.94 x 10 14 Hz 

A 3 =445 x lO" 9 m f 3 =6.74 x 10 14 Hz 

A 4 =399 x 1(T 9 m / 4 =7.52 x 10 14 Hz 

(a) We plot each point on an energy versus frequency graph, as 
shown in ANS. FIG. P40.60. We extend a straight line through 
the set of 4 points, as far as the negative y intercept. 



/(THz) 

ANS. FIG. P40.60 

(b) Our basic equation is K max = hf - (/). Therefore, an experimental 
value for Planck's constant is the slope of the K-f graph, which 
can be found from a least-squares fit or from reading the graph 
as: 

h - Rise 1.25 eV - 0.25 eV 

exp “Run ”6.5 x 10 14 Hz - 4.0 x 10 14 Hz 

=4.0 x 10" 15 eV • s = 16.4 x 1(T 34 J^s] 

From the scatter of the data points on the graph, we estimate the 
uncertainty of the slope to be about 3%. Thus we choose to show 
two significant figures in writing the experimental value of 
Planck's constant. 

(c) Again from the linear equation K max = hf- (j), the work function for 
the metal surface is the negative of the y-intercept of the graph, so 

Qexp =-(-1-4 eV) Hl-4 eV] 

Based on the range of slopes that appear to fit the data, the 
estimated uncertainty of the work function is 5%. 
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*P40.61 


P40.62 


P40.63 


From the circular path the electrons follow in the magnetic field, the 
magnetic force is centripetal. 


R 

so the maximum kinetic energy is seen to be: 


„ 1 : 
Y =—m„v 

max 2 e 


_(m e v ) 2 _e 2 B 2 R 2 


2 m e 2 m e 

_(l.602xl(T 19 C) 2 (2.00xl0- 5 t) 2 (0.200 m) 2 
2(9.11 x 10” 31 kg) 

=2.25 x 10“ 19 J =1.40 eV 
From the photoelectric equation, 

K„,=y-4>=j-4> 

Thus, the work function is 

, he T . 1 240 eV• nm 

0 = -K mnv =- 

X max 450 


-1.40 eV = [T.36 eV| 


From the circular path the electrons follow in the magnetic field, the 
magnetic force is centripetal. 


F =ma: evB =— 


m e v =eBR 


so maximum kinetic energy is seen to be: 

rx 1 2 (m e vf e 2 B 2 R 2 

K v =-mv~ =-=- 

2 2 m e 2 m e 

From the photoelectric equation, 

K^=hf-<P=j-$ 

Thus, the work function is 


»=--K„ 

A 


he 

e 2 B 2 R 2 

T 

2 m e 


The condition on electric power delivered to the filament is 

r - Ilv JwfJw) 2 Aj*vY*'\ so fjAYhil 

R pi pi ' pP 
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P40.64 


Here P = 75.0 W, p =7.13 x 10' 7 H- m, and AV = 120 V. As the filament 
radiates in steady state, it must emit all of this power through its 
lateral surface area P =oeAT i =oeljzrlT 4 . 


(a) We combine the conditions by substitution: 

n „ r(A Vfm 
P =oe2nr\ -- 

L pp 

pp 2 


2oe[A V)VT 4 

(7.13 x 10 _7 O■ m)(75.0 W f 

”2(5.67xl0“ 8 W/m 2 K 4 )(0.450)(l20 V)V(2 900 K) 4 


r = 1.98xl0“ 5 m 


/ ppt Y /2 _ 

"(75.0 W) (7.13xlO~ 7 Q-m) (0.333 m)’ 

'U(Ay) 2 J 

=|l.98xl0“ 5 m| 

tt(120 V) 2 


- (uoyYxS -^ = 

pP (7.13 x 10 Q• m)(75.0 W) - 

We first isolate the terms involving (p in Equations 40.13 and 40.14, 
, h h 

ym e u cos (p =-— — cos0 
A 0 A 

ym e u sin (p =-^sin 0 

X 

We then square and add to eliminate <p\ 

(ym e ucos(p) 2 +(ym e usm(p) 2 =^-^---^cosdj 

222 7 2 T 1 , 1 2cos0] 

7 ~ h [a 0 2 X' 2 X 0 X' \ 

u 2 /c 2 _ h 2 I” 1 1 2cos0~| 

m 2 c 2 1_ Xg X 


(l-u 2 /c 2 l 


V' J 
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„ ,. . ? h i 1 2cos0 

Denning b = —— — + -— , the above equation becomes 

tn c X,, X' X,,X' 


u 2 jc 2 =b(l-u 2 /c : 


Substitute into Equation 40.12 for the cutoff wavelength. 


Squaring each side then gives 


2h 1 1 h 2 1 1 


h 2 1 1 2cos0 


Eliminating terms. 


2h 1 1 . h 2 \1 2 . \L 


m e c \ X 0 X' m e c Al X 0 X' 


h ] 1/ \1/ 2cos0 


\h ( h 2 V X |_ [ h 2 Y Xcosg 

m p c A n X' k m 2 c 2 k X n X' J k m 2 c 2 K X n X' 


X'-X 0 . 1 

m e C \ “ 


Rearranging this gives Equation 40.11, 
X'-X 0 = f ———l(l — cos©) 


d, copied or duplicated, or posted to a publicly accessible website, in whole oi 



938 Introduction to Quantum Physics 


P40.65 


P40.66 


We use AVg —. 

From two points on the graph in ANS. FIG. 

P40.65, 

0-g)(«xl0“Hz)-* 

and ANS. FIG. P40.65 

3.3 V=(jj(l2xl0 14 Hz)- ^ 

Combining these two expressions we find: 

(a) (f) = |1.7 eV| 

(b) - =|4.2x 10“ 15 V-s| 
e 

(c) At the cutoff wavelength, ^ =</> =( — ] , or 

A c v e y A c 

A c =(4.2 xlO" 15 V-s)(l.60xl0 -19 C) 

(3.00 xlO 8 m/s) 

(l.7 eV)(l.60 x 10“ 19 J/eV) 

= |7.3xl0 2 nm] 

h 

Equation 40.11 states AA =-(l - cos#) =A' - A 0 for the scattered 

m e c 

photon. The initial energy of a photon is E 0 =hc/X {] . Its energy after 
scattering is 



_hc _ he 
"I 7 _ A 0 +AA 

he 


=/zc|~A 0 +-^-(l-cos#)l 

L m e C J 


E' =^|1+ (l — cos#) 

m e c A 0 


, r. 

^oL 


If b h 2 2 (l — cos#) 

m e c A 0 


T -=•[ 
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P40.67 (a) We use energy conservation in the daredevil-Earth system to find 

the speed of the daredevil just before he makes a splash: 

1 2 
m g¥i =2 mu f 


gives 

u f =- s l2gy i =^2(9.80 m/s 2 )(50.0 m) =31.3 m/s 
The de Broglie wavelength is then 


A= Jz_ = 6.626 x 10“ 34 J • s 
mu (75.0 kg)(31.3 m/s) 


12.82x 10~ 37 m\ 


This is too small to be observable. 

(b) Equation 40.26 gives us the energy-lifetime version of the 
uncertainty principle: 

h 

AEAt > - 


substituting numerical values, 
6.626 x 10~ 34 J • s 


" 47T (5.00 x 10~ 3 s) 


1.05 xlCT 3 


(c) 


We find the percent error from 


AE 1.05 xl0~ 32 J _ 

E (75.0 kg)(9.80 m/s 2 )(50.0m) 


= |2.87 x 10~ 35 %J 


P40.68 The definition of the Compton wavelength is A c = h/m e C. The de 
Broglie wavelength is A =h/p. We take the ratio of the Compton 
wavelength to the de Broglie wavelength, and square it: 

fM 2 _ p _1 

UJ (m,cf 

From Equation 39.27, the momentum for a slowly-moving or rapidly- 
moving object is described by 

, E 2 - m V 

p —r- 

Substituting and simplifying. 
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P40.69 


P40.70 


and 


4 

A 



- 1 


(a) We find the energy of one photon: 


hf =K max +0 

=-(9.11xl0“ 31 kg)(420x!0 3 m/s f 


+(3.44 eV) 


( 1.6xl0“ 19 J 
{ leV 


= 6.31x10 J 


The number intensity of photon bombardment is 


550 J/s-m 2 


1 m 


hf 6.31 x 10” 19 J/photon 10 4 cm 2 1 photon absorbed J 


1 electron emitted ] 


8.72 xlO 1 


electrons 


(b) The density of the current the imagined electrons comprise is 

7 J 8.72x10“ 1.60x10-'’ —1 

'v s • cm J \ electron J 


=0.014 0 14.0 mA/cm 2 

s • cm 1 - 1 


(c) Many photons are likely reflected or give their energy to the 

metal as internal energy, so the actual current is probably a small 
fraction of 14.0 mA. 


From the uncertainty principle, 

AEAt>- -> A[mc 2 )At=- 
2 v 1 2 

Therefore, 

Am _ h _ h 
m 4nc 2 (At)m 4n(At)E R 

6.626 x 10~ 34 J • s ( 1 MeV 

4^(8.70xl0" 17 s)(l35MeV)t 1.60 x 10“ 13 J J 

= |2.81xl0^1 
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(a) To find the de Broglie wavelength of the neutron, we first 
determine its momentum, 

p =mu =y]2mE 

=^2(l.67xl0“ 27 kg)(0.0400 eV)(l.60xl0“ 19 J/eV) 
=4.62 x 1CT 24 kg • m/s 

Then, 


(b) 

(c) 



mu 


6.626 x 1CT 34 J • s 
4.62x 1CT 24 kg-m/s 


=1.43 xlCT 10 


m = | 0.143 nm | 


This is of the same order of magnitude as the spacing between] 
atoms in a crystal.) 

Because the wavelength is about the same as the spacing,) 
diffraction effects should occur.) 

A diffraction pattern with maxima and minima at the same angles 
can be produced with x-rays, with neutrons, and with electrons of 
much higher kinetic energy, by using incident quantum particles 
with the same wavelength. 


Challenge Problems 

*P40.72 (a) At the top of the ladder, the woman holds a pellet inside a small 

region Ax i . Thus, the uncertainty principle requires her to release 

it with typical horizontal momentum Aw =mAv y =——. It falls 

2Ax ; 

to the floor in a travel time given by H = 0 + ^-gf 2 as t = J~' so 
the total width of the impact points is 

A x f =Ax. +(Av x )t =Ax. +| —-— j j———■ =AX: +^~ 

f ' ' (imAxjy g AXj 

...u— . _ # 


2m\ g 

diAXf) A 

To minimize Ax fr we require ——A =0 or 1-- =0, 

f 4 d{ Ax { ) Ax 2 

so Ax i =4 a. 
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P40.73 


P40.74 


The minimum width of the impact points is 


/ +—) =2 Va = 



V m { g ) 


(b) ) _ 2(l.054 6x 10~ 34 J-s) T /2 f 2(2.00 m) 


5.00 x 10 -4 kg J [9-80 m/s : 


= 5.19 x 10" 16 m 


(a) [The Doppler shift increases the apparent frequency of the| 


[incident light. | 
(b) If v = 0.280c, 


ll+v/c = ( 700xl0 i4 Hz ) =9.33 xlO 14 

7 v ' v0.720 


Therefore, 

=(6.626x 1CT 34 J-s)(9.33xl0 14 Hz)^- 

= | 3.86 eV | 

(c) At v = 0.900c, 


leV 


,602xl0“ 19 J 


ll+v/c = ( 700xl0 i4 Hz) =3.05xlO 15 Hz 

7 ' W0.100 


and 


K max =/z/' - 0 

=[(6.626x10- J. s )(3.05xl0'=Hz)( T Jff^)] 

- 3.86 eV 

= | 8.76 eV~| 


We show that if all of the energy of a photon is transmitted to an 
electron, momentum will not be conserved. In general, a photon of 
energy E 0 =hc/X 0 scatters off an electron at rest, resulting in the 
photon having energy E' —hc/X' and the electron having kinetic 
energy K e . Energy conservation requires E 0 =E' + K e , or 


he 

K 


=^r+w e c 2 (r- 1 ) 
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P40.75 


If the photon is absorbed, then E' =hc/X' =0, and the above equation 
becomes 


Y =m e c2 (7 - 1 ) 


[ 1 ] 


Because the photon is absorbed, momentum conservation requires the 
momentum of the electron be in the same direction as the momentum 
of the original photon: 


E h 

Po = =Y~ =7 m e U 

C X 0 

From [1], we find that 

7 = ——— +1 

X 0 m e c 


and 


u = c.ll— 


, Y 
X 0 m e c 

+ X 0 m e c J 


Substituting [3] and [4] into [2] reveals the inconsistency: 
h 


^=U+- 


X {) m e c 
v h +X 0 m e c 


\m e c) e ]j 

h 0 m e c +h jh(h+2A, 0 m e c) _ h jh +2h Q m e c 
(h +h 0 m e c 


This is impossible, so all of the energy of a photon cannot be 
transmitted to an electron. 

(a) Starting with Planck's law. 


jh t)=~ 


2k he 2 


~A, 5 [e w -l] 
the total power radiated per unit area 


Jz(a, T)cU =] 


2k he 2 


U 5 [e w -i] 


[ 2 ] 


[3] 


[4] 


Change variables by letting x = ^ j / so 


Note that as X varies from o - 


kjfc 

X varies from oo —> o 


-dX. 
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Then, 


Jj(A, t)cU 

0 


2izk*T 40 [ x 3 _2trk l ',T , fir' j 

fcV i(7^l] hV (isj 


Therefore, 



(b) From part (a), 

_ 2k% 2^ 5 (l.38xlQ- 23 J/K) 4 

15/z 3 c 2 15(6.626 x!0“ 34 J-s) 3 (3.00xl0 8 m/s) 2 


g= ^67x!Q- 8 W/m 2 -K 4 | 

P40.76 (a) Planck's law states 

b = A , [e w _ x] 

To find the wavelength at which this distribution has a 
maximum, compute 



d/ _ 27r /7c 2 J /ic e hc:llk « T ) 

cU~ A 6 [e hW -1] |“ 5 + Afc B T -1] J 

he 

Letting x = ^ j ' condition for a maximum becomes 

—-— =5. We zero in on the solution to this transcendental 
e x -l 

equation by iterations as shown in the table on the following 
page. 
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X 

xe x /(e x -l) 

4.000 00 

4.074 629 4 

4.500 00 

4.550 552 1 

5.000 00 

5.033 918 3 

4.900 00 

4.936 762 0 

4.950 00 

4.985 313 0 

4.975 00 

5.009 609 0 

4.963 00 

4.997 945 2 

4.969 00 

5.003 776 7 

4.966 00 

5.000 860 9 


The solution is found to be 


X 

xe x /[e x -l) 

4.964 50 

4.999 403 0 

4.965 50 

5.000 374 9 

4.965 00 

4.999 889 0 

4.965 25 

5.000 132 0 

4.965 13 

5.000 015 3 

4.965 07 

4.999 957 0 

4.965 10 

4.999 986 2 

4.965 115 

5.000 000 8 




(b) Thus, 

^ ^ _(6.626 075 xl(T 34 J-s)(2.997 925x 10 8 m/s) 
max 4.965115 (1.380 658 x hr 23 J/k) 

= |2.897 755xl0~ 3 m-K| 


This result agrees with Wien's experimental value of 
A max T =2.898 x 10“ 3 m • K for this constant. 
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lNSWERS to even-numbered problems 


P40.2 


P40.4 

P40.6 

P40.8 

P40.10 

P40.12 

P40.14 

P40.16 

P40.18 

P40.20 


P40.22 

P40.24 

P40.26 

P40.28 


P40.30 

P40.32 


(a) 999 nm; (b) The wavelength emitted at the greatest intensity is in 
the infrared (greater than 700 nm), and according to the graph in 
Active Figure 40.3, much more energy is radiated at wavelengths 
longer than A max than at shorter wavelengths. 

(a) 5 200 K; (b) This is not blackbody radiation. 

i: (a) 2.57 eV, (b) 1.28 x 10” 5 eV, (c) 1.91 x 10” 7 eV; ii: (a) 484 nm, (b) 9.68 
cm, (c) 6.52 m; iii: (a) visible light (blue), (b) radio wave, (c) radio wave 

2.27 x 10 30 photon/s 
(a) 5.78 x 10 3 K; (b) 501 nm 

(a) 7.09 x 10 4 W; (b) 580 nm; (c) 7.99 x 10 10 W/m; (d-i) See table in 

P40.12; (j) « 19 kW 

See P40.14 for full explanation. 

(a) 4.20 mm; (b) 1.05 x 10 19 photons; (c) 8.82 x 10 16 mm” 3 
(a) 288 nm; (b) 1.04 x 10 15 Hz; (c) 1.19 eV 

(a) The energy of a photon with wavelength 400 nm is calculated to be 
3.11 eV. Now compare this energy with the given work functions. Of 
these metals, only lithium shows the photoelectric effect because its 
work function is less than the energy of the photon; (b) 0.808 eV 

(a) 148 days; (b) The result for part (a) does not agree at all with the 
experimental observations. 

(a) 8.27 eV; (b) The photon energy is larger than the work function; 

(c) 1.92 eV;(d) 1.92 V 

4.85 x 10” 12 m 


(a and b) See P40.28 for full answer; (c) 180°. We could answer like this: 
The photon imparts the greatest momentum to the originally 
stationary electron in a head-on collision. Here the photon recoils 
straight back, and the electron has maximum kinetic energy. 


(a) 2.89 pm; (b) 0=101° 


(a) 6 = cos 1 


m e c 2 + E 0 
2 m e c z + E 0 y 


; (b) E' 


E 0 [lm e c 2 +E 0 ) f _E 0 [lm e c 2 +E 0 ) 
2 [m e c 2 +E 0 ) ^ 2 c[m e c 2 +E 0 ) ' 


(c) K e =- 


= E 0 (2m eC 2 +E 0 ) 
' Ve 2c(m e c 2 +E 0 ) 
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P40.34 

P40.36 

P40.38 

P40.40 

P40.42 

P40.44 

P40.46 


P40.48 

P40.50 

P40.52 

P40.54 

P40.56 

P40.58 

P40.60 

P40.62 

P40.64 

P40.66 

P40.68 

P40.70 

P40.72 

P40.74 

P40.76 


(a) It is because Compton's equation and the conservation of vector 
momentum give three independent equations in the unknowns X ', X 0 , 
and U; (b) 3.82 pm 
(a) 0.667; (b) 0.001 09 

(a) 14.0 kV/m; (b) 46.8 /IT ; (c) 4.19 nN; (d) 10.2 g 
(a) 0.709 nm; (b) 413 nm 
3.97 x 10" 13 m 

(a) ~10 8 eV; (b) —10 6 eV; (c) The electron could not be confined to the 
nucleus. 

The speed with which the student passes through the door is an 
extremely low velocity. It is impossible for the student to walk this 
slowly. At this speed, if the thickness of the wall in which the door is 
built is 15 cm, the time interval required for the student to pass 
through the door is 1.4 x 10 33 s, which is 10 15 times the age of the 
Universe. 

(a) See P40.48(a) for full explanation; (b) They will always have a 
different frequency from photons of the same wavelength. 

See P40.50 for the full explanation. 

2.27 x 1CT 12 A 

(a) 0.250 m/s; (b) 2.25 m 

7.03 x 10" 32 m/s 

For the rifles fired at targets at reasonable distances away, a spread of 
1.00 cm due to the uncertainty principle would be impossible. 

(a) See graph in ANS. FIG. P40.60 (b) 6.4 x 10~ 34 Js; (c) 1.4 eV 

he e 2 B 2 R 2 
X 2 m e 

See P40.64 for full explanation. 

See P40.66 for full explanation. 

See P40.68 for full explanation. 

2.81 x 10" 8 

(a) See P40.72(a) for full explanation; (b) 5.19 x 10“ 16 m 
See P40.74 for full explanation. 

(a) See P40.76 for full explanation; (b) 2.897 755 x 10“ 3 m ■ K 
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Quantum Mechanics 


CHAPTER OUTLINE 


41.1 The Wave Function 

41.2 Analysis Model: Quantum Particle Under Boundary Conditions 

41.3 The Schrodinger Equation 

41.4 A Particle in a Well of Finite Height 

41.5 Tunneling Through a Potential Energy Barrier 

41.6 Applications of Tunneling 

41.7 The Simple Harmonic Oscillator 

|* An asterisk indicates a question or problem new to this edition.) 


lNSWERS to objective questions 


OQ41.1 Answer (b). Fewer particles are reflected as the height of the 
potential barrier decreases and approaches the energy of the 
particles. By Equations 41.22 and 41.23, the transmission coefficient 
T ~ e~ 2CL , where C =^2m(ll -E)/fr, increases as U - E decreases, so 

the reflection coefficient R =1-T ~1- e~ 2CL decreases as U - E 
decreases. 

OQ41.2 The ranking is answer (b) > (a) > (c) > (e) > (d). From Equation 41.14, 
consider the quantity 



948 

© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 






Chapter 41 949 


OQ41.3 


OQ41.4 


OQ41.5 

OQ41.6 



(a) True. Examples: An electron has mass and charge, but it can 
also display interference effects. 

(b) False. An electron has rest energy E R = mf 2 . 

(c) True. A moving electron possesses kinetic energy. 

(d) True, p = m e u. 

(e) True. 

(a) True. Examples: A photon behaves as a particle in the 
photoelectric effect and as a wave in double-slit interference. 

(b) True. A photon cannot have rest energy (mass) because it is 
never at rest: it travels at the speed of light. 

(c) True. E = hf. 

(d) True. p = E/c. 

(e) True. 

Answer (d). The probability of finding the particle is at the antinodes 
(places of greatest amplitude) of the standing wave. 

Compare the ground state wave functions in Figures 41.4 and 41.7 in 
the text. In the square well with infinitely high walls, the particle's 
simplest wave function has strict nodes separated by the length L of 
the well. The particle's wavelength is 2L, its momentum h/2L, and its 
energy p 2 / 2m = h 2 /8mL 2 . In the well with walls of only finite height, 
the wave function has nonzero amplitude at the walls, and it extends 
outside the walls. 


(i) Answer (a). The ground state wave function extends somewhat 
outside the walls of the finite well, so the particle's wavelength 
is longer. 
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(ii) Answer (b). The particle's momentum in its ground state is 
smaller because p = h/X and the wave function has a larger 
wavelength. 

(iii) Answer (b). The particle has less energy because is has smaller 
momentum. 


OQ41.7 


Answer (e). From the relation between the square of the wave 
function and the probability P of finding the particle in the interval 
Ax = (7 nm - 4 nm) = 3 nm, we have 


|y/j 2 Ax =P 


OQ41.8 Answer (a). Because of the exponential tailing of the wave function 
within the barrier, the tunneling current is more sensitive to the 
width of the barrier than to its height. Notice that the exponent term 
CL in the transmission coefficient T ~ e~ 2CL , where 
C =^2m(ll -E) jh, decreases more if L decreases than if U decreases 
by the same percentage. 

OQ41.9 Answer (c). Other points see a wider potential-energy barrier and 
carry much less tunneling current. 

OQ41.10 Answer (d). The probability of finding the particle is greatest at the 
place of greatest amplitude of the wave function. The next most 
likely place is point b, after that, points a and e appear to be equally 
probable. The particle would never be found at point C. 


lNSWERS to conceptual questions 


CQ41.1 Consider the Heisenberg uncertainty principle. It implies that 

electrons initially moving at the same speed and accelerated by an 
electric field through the same distance need not all have the same 
measured speed after being accelerated. Perhaps the philosopher 
could have said "it is necessary for the very existence of science that 
the same conditions always produce the same results within the 
uncertainty of the measurements." 

CQ41.2 Consider a particle bound to a restricted region of space. If its 
minimum energy were zero, then the particle could have zero 
momentum and zero uncertainty in its momentum. At the same time, 
the uncertainty in its position would not be infinite, but equal to the 
width of the region. In such a case, the uncertainty product AxAp x 
would be zero, violating the uncertainty principle. This contradiction 
proves that the minimum energy of the particle is not zero. 
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CQ41.3 

CQ41.4 

CQ41.5 

CQ41.6 

CQ41.7 

CQ41.8 


The motion of the quantum particle does not consist of moving 
through successive points. The particle has no definite position. It 
can sometimes be found on one side of a node and sometimes on the 
other side, but never at the node itself. There is no contradiction here, 
for the quantum particle is moving as a wave. It is not a classical 
particle. In particular, the particle does not speed up to infinite speed 
to cross the node. 

(a) \f/ (x) becomes infinite as x —> °°. 

(b) y 00 i s discontinuous and becomes infinite at x = n/2, ?>n/2,... 

A particle's wave function represents its state, containing all the 
information there is about its location and motion. The squared 
absolute value of its wave function tells where we would classically 
think of the particle as spending most its time. | V T| 2 is the probability 
distribution function for the position of the particle. 

In quantum mechanics, particles are treated as wave functions, not 
classical particles. In classical mechanics, the kinetic energy is never 
negative. That implies that E > U. Treating the particle as a wave, the 
Schrodinger equation predicts that there is a nonzero probability that 
a particle can tunnel through a barrier—a region in which E < U. 

Both (d) and (e) are not physically significant. Wave function (d) is 
not acceptable because t//is not single-valued. Wave function (e) is 
not acceptable because t//is discontinuous (as is its slope). 

Newton's 1st and 2nd laws are used to determine the motion of a 
particle of large mass. The Schrodinger equation is not used to 
determine the motion of a particle of small mass; rather, it is used to 
determine the state of the wave function of a particle of small mass. 
In particular, the states of atomic electrons are confined-wave states 
whose wave functions are solutions to the Schrodinger equation. 
Anything that we can know about a particle comes from its wave 
function. 
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SOLUTIONS TO END-OF-CHAPTER PROBLEMS 


Section 41.1 The Wave Function 
P41.1 (a) The wave function, 

\l/[x)=Ae^ xW ^ =Acos(5xl0 10 x)+z'Asin(5xl0 10 x) 

will go through one full cycle between x 1 = 0 and (5.00 x 10 10 )x 2 = 
2 n. The wavelength is then 
2 K 


X =x. 


5.00 xlO 10 m 1 


= 1.26xlO“ 10 m 


To say the same thing, we can inspect Ae"~ 
wave number is k = 5.00 x 10 10 m” 1 = 2k/X. 
(b) Since X = h/p, the momentum is 
h 6.626xl0“ 34 J-s 


to see that the 


r X 1.26x10 
(c) The electron's kinetic energy is 

K =—mu 2 =^~ 

2 2m 


= 5.27x10 kg-m/s 


_(5.27xl0- 24 kg-m/s)V 1 e V 


2(9.11xl0“ 31 kg) (1.602xlO -19 J 


= |95.3 eVi| 


[We use U to represent the speed of a particle with mass in chapters 
39,40, and 41.] 


(a) See ANS. FIG. P41.2 for a graph of 


/(*) _„-W 


for the range 



x/a 

ANS. FIG. P41.2 
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P41.3 


P41.4 


(b) Normalization requires 
J \y/\ 2 dx=l: 


J A 2 e-W /a dx =2j A 2 e~ 2W 'dx =1 


-aA 2 e M/a \ =aA 2 =1 -> A = -== 

lo Ua] 

a p-M/» a -2N la 

(c) P=\- - dx = 2- - dx = -e~ 2x/a \ = -e~ 2 +1 = [OJ 

- a a o a 0 

(a) Normalization requires 

J \y/\ 2 dx=l: 

all space 

1.00 

J A 2 x 2 dx =1 


A 2 x 3 
3 n 


3 




(b) P = J 3x 2 dx =x 3 Q =(0.400 f - (0.300) 2 = | 0.037 0| 

0.300 

(c) The expectation value is 


(x)= J i]/* xif/dx =j 1 0 °°3x 3 dx =-^-| =\6: 

p =JkW | 2 =J 


all space 

The probability is given by 


-xdx ■ 


( aT 

(13 JxY 

= “ 

- tan - 


{a) [a)_ 


P =—[tan J l-tan 1 (—l)] =— — -f-—1 = — 
K l ,J ZT |_ 4 l 4 JJ {2} 
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Section 41.2 Analysis Model: Quantum Particle 
Under Boundary Conditions 

P41.5 (a) The energy of a quantum particle confined to a line segment is 


Here we have for the ground state 

_ (6.626 x10“ 34 J-s) 2 (1) 2 

1 8(l.67 x lCT 27 kg)(2.00 x 10" 14 m) 2 

=8.22 x 1CT 14 J = | 0.513 MeV] 

and for the first and second excited states, which are states 2 and 3, 
E 2 =4 E 1 = | 2.05 MeV | and £ 3 =9E, = | 4.62 MeV | 

(b) They do; the MeV is the natural unit for energy radiated by an| 
atomic nucleus.) 

Stated differently: Scattering experiments show that an atomic 
nucleus is a three-dimensional object always less than 15 fm in 
diameter. This one-dimensional box 20 fm long is a good model in 
energy terms. 

From Equation 41.14, the allowed energy levels of a particle in a box is 


(a) For L =1.00 nm. 


(6.626x 10 -34 J s) 

8(9.11 xlO' 31 kg)(l.00xl0“ 9 m) 2 


=0.377n 2 =6 eV 


(b) For n = 4, E n =0.377(4) 2 = |6.03eV| 

(a) From Equation 41.14, the allowed energy levels of an electron in a 
box is 
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Substituting numerical values, 

_ (6.626 x 1(T 34 J s) 2 

8(9.11 x 10 -31 kg) (o.lOOxlO -9 mf 
=(6.02 x 10~ 18 j)n 2 =(37.7 eV)n 2 
4-603 eV 



339 eV 
151 eV 
37.7 eV 


ANS. FIG. P41.7 


(b) When the electron falls from higher level n i to lower level n f/ it 
emits energy 

A£ “ = {^fi =(37 ' 7 eV) (". 2 -"?) 


by emitting a photon of wavelength 


X 


he _ 8m e cL 2 
'AE n ~h[n 2 -n 2 f ) 

8(9.109xlO’ 31 kg)(2.998xl0 8 m/s)(0.100xl0“ 9 mf 
(6.626 x 10 -34 J • s)(n 2 - n 2 ) 



For example, for the transition 4 - 

. 33.0 nm 

X =7—0 —=4-71 nm 
(4) 2 -(3 ) 2 


■3, the wavelength is 


The wavelengths produced by all possible transitions are: 


Transition 

4 —> 3 

4 —> 2 

4 —> 1 

3^2 

3->l 

2 —»1 

X (nm) 

4.71 

2.75 

2.20 

6.59 

4.12 

11.0 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copie 


■ duplicated, or posted to a publicly accessible website, in whole or in part. 






















956 Quantum Mechanics 


P41.8 


P41.9 


P41.10 


The energy of the photon is 


£ _ he _ 1 240 eV • nm f 1 mm ^ 
X 6.06 mm tl0 6 nmj 


=2.05 x 10” 4 eV 


The allowed energies of the proton in the box are 


" = (i 


(6.626 x 10~ 34 J-s) 2 


8(l.673xl0~ 27 kg)(l.00xl0" 9 m) 2 
2.05 xlO" 4 eV)n 2 


1.602x10" 




The smallest possible energy for a transition between states is from 
n = 1 to n = 2, which has energy 

A E n =(2.05 x 10" 4 eV)(2 2 -l 2 ) =6.14 x lO^eV 


The photon does not have enough energy to cause this transition. The 
photon energy would be sufficient to cause a transition from n = 0 to 
n = 1, but the n = 0 state does not exist for the particle in a box. 

From Equation 41.14, 




. 3h 2 
8 m e L 2 


Solving for the length of the box then gives 

L-l™ 

8 m e c 

_ 13 (6.626xlCT 34 J-s)(694.3xlCT 9 m) 
~]j 8(9.11 xlO -31 kg)(3.00xl0 8 m/s) 

=7.95 xlO" 10 m = | 0.795 nm| 

From Equation 41.14, 



Solving for the length of the box then gives 
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P41.ll 


P41.12 


From Equation 41.14, the allowed energy levels of a particle in a box is 



n = 1,2,3,... 


For a proton (m = 1.673 x 10 27 kg) in a 10.0-fm wide box: 

_ (6.626 xlO' 34 J-s) 2 

8(l.673xl0- 27 kg)(l0.0xl0“ 15 m) 2 

=3.28 x 10" 13 j|- leV I =2.05 x 10 6 eV =2.05 MeV 

% 1.602 xl0~ 19 jJ 

(a) The energy of the emitted photon is 

£ =A E n =E 2 =(2) 2 £ 1 -£ 1 =3£ a = |6.14 MeV| 


(b) The wavelength of the photon is 

^ _ £c _ 1 240 eV • nm 
"¥ ” 6.14xl0 6 eV 

=2.02 x 10" 4 nm =2.02 x 10" 13 m =202 x 10“ 15 m = |202fm| 

(c) This is a [gamma ray| , according to the electromagnetic spectrum 
chart in Chapter 34. 

The ground state energy of a particle (mass m) in a 1-dimensional box 

of width L is £. = ^ , . 

8mL 2 

(a) For a proton (m = 1.67 x 10“ 27 kg) in a 0.200-nm wide box: 

£ _ (6.626xlO- 34 J-s) 2 

1 8(l.67xl0" 27 kg)(2,OOxlO- 10 m) 2 

=8.22 x 10‘ 22 J. * fel3xl(r»eV| 


(b) For an electron (m = 9.11 x 10 31 kg) in the same size box: 
E _ (6.626xlO" 34 J s) 2 

1 8(9.11xl0 -31 kg)(2,OOxlO" 10 m) 2 

=1.51 xl0~ 18 J = |9.41 eV| 


(c) 


The electron has a much higher energy because it is much less) 
massive.) 
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P41.13 


P41.14 


E 1 = 2.00 eV = 3.20 x 10 19 J. For the ground state. 



(a) The length of the region is 

h _ 6.626xl0~ 34 Js _ 

V 8m .- E i ^8(9.11 xlCT 31 kg)(3.20xl0 “ 19 j) 

=4.34 xl(T 10 m = | 0.434 nm | 
f h 2 \ 

(b) For the excited states, E„ = - 7 \n 2 =n 2 E ,. For the first excited 

18 m e L 2 J 1 

state, A E =E 2 - E 1 =4E, - E, =3E, = |6.00 eV| 

(a) The classical kinetic energy of the particle is 

K =^mv 2 =^(4.00 xlO -3 kg)(l.00xl(T 3 m/s f 
= | 2.00 x IQ ' 9 ]f| ; 

(b) The length L can be found from 



Solving, 

E =n \^— =2 1 (6-626xlO- 34 J-s ) 2 

V 8mE ]j 8(4.00xl0 " 3 kg)(2.00xlCT 9 j) 

= [T 66 x 1 CT 28 m| 


(c) 


No. The length of the box would have to be much smaller than 
the size of a nucleus ( ~ 10“ 14 m) to confine the particle. 


h 2 2 

!f 'P41.15 (a) The energies of the confined electron are E n —-—■ Its 

energy gain in the quantum jump from state 1 to state 4 is 

—— 7 j (4 2 -1 2 ), and this is the photon energy ^ =hf =-^~. 
8 m e L 2 ' r ^ 8 ml} J l 


Then 8 m e cL 2 =15h?i and 

L JmT 


{ 8m e c ) 
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P41.16 


P41.17 


(b) Let A' represent the wavelength of the photon emitted: 

he h 2 2 _ h 2 2 _ 12 h 2 
A' 8 m e L 2 8 m e L 2 8 m e L 2 

■men and 

A he 8m e L 2 12h 2 4 1 - 1 

h h h 

(a) From AxAp > —, with Ax —L, Ap > =—, so the uncertainty 


in momentum must be at least A p~\ — . 

\2L I 


(b) Its energy is all kinetic, so 
E 


= _E1: 

JAp) 2 ^ 

n 2 

h 2 

2m 

2m 

8wL 2 

(4nf 8 mL 2 


(c) Compare the result of part (b) to the result h 2 / 8mL 2 for the wave 
function as a standing wave. [This estimate is too low by « 4Q | 
times, but it correctly displays the pattern of dependence of the| 
energy on the mass and on the length of the well.) 


(a) J |y/| 2 dx =1 becomes 



-L/4 





(b) The probability of finding the particle between 0 and — is 
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P41.18 


P41.19 


Normalization requires J |y/j dx =1: 

all space 

] A > sin ^y x j\a' 1 - c ^* xIL K =1 

4HAn-' 

A 2 [ L . _ f A 2 L 

2 1 2^ J 0 2 

-I 

(a) The expectation value is (x) = J y/ * xy/ dx: 

0 

i L f fi 4 

=— J x^l-cos— 


From integral tables, we find that 


1 X 2 1 

L 1 L 2 

"4 nx . 

L 2 ( 

j L 16 K 2 

v ‘L 


4 nx 4ttx1 l 

-+ cos- = 

L L J, 


L -\k 


(b) The probability of finding the particle in the range 
0.490L < x < 0.510L is 


p =|] 

0.490L 


■ 51 - 0L 2 f 2nx\ dx _2™ 1~cos[2(2^x/l)] 


l L 


0.510 L I 

J- 


dx 


if L . f 4^x > \l°~ 

=— x -sin - 

L l 2n { L J] 0A 


=0.020-—(sin 2.04^-sin 1.96^) =|5.26xl0 -5 
4 n - 

(c) The probability of finding the particle in the range 
0.240L < x < 0.260L is 

-r T n-|0.260L _ 
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P41.20 


P41.21 


(d) 


(a) 

(b) 


In the n =2 graph in the text's Figure 41.4(b), it is more probable 
to find the particle either near x =L/4 or x =3L/4 than at the 
center, where the probability density is zero. Nevertheless, the 
symmetry of the distribution means that the average position is 
x =L/2. 

The most probable positions of the particle are |x = L /4, L /2, and| 

3 / 7 } 

We look for sin (3 kx/L) taking on its extreme values 1 and -1 so| 
that the squared wave function is as large as it can be. The result] 
can also be found by studying Figure 41.4b.| The most probable 
locations are at the antinodes of the standing wave pattern n = 3, 
which has three antinodes that are equally spaced, one at the 
center, and two a distance L /4 from either end. 


(a) The probability of finding the electron between X = 0 and 
X = 0.100 nm = L /3 is 


p§f fc=j j sm 1 2 ^y x =j } 


2 L j- 3 l-cos[2( nx /0] 


dx 



1 1 . (2k) 1 0.866 

: -sin - =- 

3 2k K 3 ) 3 2k 


= | 0.1961 


(b) Classically, the particle moves back and forth steadily, spending 
equal time intervals in each third of the line. [The classical] 
[probability is 0.333, which is significantly larger.) 

(c) The probability is 



=--— sin (66k) =—-0 =0.333 

3 198k 3 


The probability is [0.333 for both classical and quantum models) . 
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P41.22 


(a) From Equation 41.13, i/q (x) ^ j ■ The probability of 

finding the particle between X = 0 and x =£ is 




. . (2nx 

x -sin - 

tI 2 n { L 


1 . (Ini 

-sin - 

In \ L 


(b) The probability function is sketched in ANS. FIG. P41.22(b). 
Probability Curve for an Infinite 
Potential Well 

1.2 


£> 0.8 
| 0.6 


0.2 
0 

0 0.5 1 1.5 

L 

ANS. FIG. P41.22(b) 



(c) 


The wave function is zero for x < 0 and for x > L. The 
probability at £ = 0 must be zero because the particle 
is never found at x < 0 or exactly at x = 0. The probability 
at i = L must be 1 for normalization: the particle is always 
found somewhere in the range 0 <x<L. 


(d) The probability of finding the particle between X = 0 and x =£ is 

2 1 

-, and between x =£ and x = L is -. 

3 3 


Thus, 


JW 2 dx =1 - 

o j 


t £_ 
" L 



2 

3 


or, defining u 


£_ 

L' 


u - sinlnu 

In 


2 

3 
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P41.23 


This equation for U can be solved by homing in on the solution 
with a calculator, the result being u =j- =0.585, or t = |0.585L| 
to three digits. 

(a) The probability is 


L/3 ryL /3 \ 

P = J lYifdx =- J sin 2 [~^) dx 

2 L/ r 3 l-cos\2(jrx/LY\ 

= --- -dx 

L l 2 



1_ V3 
3 4 n 


(b) 


The probability density is symmetric about x =—. Thus, the 

2 L 

probability of finding the particle between x =— and X = L is the 
same, 0.196. Therefore, the probability of finding it in the range 



0 L 

ANS. FIG. P41.23(b) 
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Section 41.3 The Schrodinger Equation 

P41.24 From yf = Ae i(kx ~ ^ [1] 

we evaluate 


and 


d 2 \]/ _ 
dx 2 


- k 2 Ae l 


l(fa - ®0 


[ 2 ] 


We substitute equations [1] and [2] into the Schrodinger equation, so 
that Equation 41.15, 


h 2 d 2 y 

2m dx 


becomes the test equation 

^ -1- j (~k 2 Ae i(kx ~ mt) ) + 0 = EAe i(kx ~ [3 

ilb - at) 

The wave function y/ = Ae ' ' is a solution to the Schrodinger 

equation if equation [3] is true. Both sides depend on A , x, and t in the 
same way, so we can cancel several factors, and determine that we 
have a solution if 


But this is true for a nonrelativistic particle with mass in a region 
where the potential energy is zero, since 

yfc 2 1 ( h (i h/lf = p 2 

2m 2m\2n) i 1 J 2m 2m 


using de Broglie's equation 


2m 



recall U=0 


where K is the kinetic energy. Therefore, the given wave function 
does satisfy Equation 41.15. 

P41.25 (a) Given the function 

y/ (x) =A cos kx +B sin kx 
Its derivative with respect to X is 

— = -kA sin kx + kB cos kx 
dx 
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P41.26 


And its second derivative is 

=-k 2 Acoskx-k 2 Bsinkx 

dx 

=-k 2 (Acoskx +B sin fee) =~k 2 y/ 

The Schrodinger equation is satisfied if 

^-^- + Uy/ = Eli/, where U = 0: 

2m dx 2 

n 2 I ?2 i _ fc 2 fc 2 _ 

- \-k y/ =Ew -a - y/ =Ew 

2 m X r ' r 2 m r Y 

This is true as an identity (functional equality) for all X if 


h 2 k 2 

which 

is true 

: because E = 

K+U 

= K + 0 = K, and 

' 2m' 






n 2 k 2 

_ 1 

(AY 


f-T- 

-p1_k 

~2m 

2m 


l A J 2m 

UJ 

2m 


(b) 


From part (a), E = 


n 2 k 2 

2m 


(a) These are standing wave patterns with nodes at the ends and n 
antinodes. 

For n = 1, the wave function is 



and the probability density is 

Pi{x)= |vh(ff = f cos2 (x) 

For n =2, the wave function is 



and the probability density is 



For n =3, the wave function is 
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P41.27 


and the probability density is 



(b) The wave functions and probability densities are shown in ANS. 
FIG. P41.26(b). 



2 _^ 2 2 


ANS. FIG. P41.26(b) 


(a) 


Setting the total energy E equal to zero and rearranging the 
Schrodinger equation to isolate the potential energy function 
gives 



+U[x)y/=0 


U(x) 


h 2 } 1 d\ 

2m Jy/ dx 2 


If y/[x) =Axe x ^ l2 
Then, 

^=( 4^-6 
d 2 yf (4x 2 - 6L 2 ) . . 

or & — ir- v{x) 


and 


U(x)= 

V ' 2 mL 2 


4x 2 
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P41.28 


(b) U(x) is sketched in ANS. FIG. P41.27(b). 



lito 




/ 4 ! 

\ 3 h 2 


mL 

ANS. FIG. P41.27(b) 


(a) yf(x] 




rfi// _ 
dx 


2 Ax 
" L 2 


Ay _ 2 A 

dx 2 " L 2 


Schrodinger's equation: 

d y it v 

--V + fiy/ = Ew 

2m dx 2 


*Li 

f 2A^ 

1+ ( ? v) 

2m 1 

V L 2 ) 

1 mL 2 (l 2 - x 2 ) 


i) (yyyy j 
l2 J l J 


-H) 


_r_ 

mL 2 


1 L 4 


This will be true for all X if 


= tf_ 
L 2 m 


(b) Note that the wave function y/[x) is an even function; therefore, 
we may write the normalization condition as 


j>| 2 dx = l= jA 2 [^l-^j dx = 2jA 2 [V| 


dx 
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Solving, 



(c) As in part (b), because the wave function is an even function, the 
probability is 



Section 41.4 A Particle in a Well of Finite Height 

P41.29 (a) For n = 4, the wave function has two maxima and two minima 

(four extrema), as shown in the left-hand panel of ANS. FIG. 
P41.29. 

(b) For n = 4, the probability function has four maxima, as shown in 
the right-hand panel of ANS. FIG. P41.29. 

TvA- 'iMML 

0 L 0 L 

ANS. FIG. P41.29 

P41.30 (a) See ANS. FIG. P41.30(a). 

u 


hi ii i 



0 L 

ANS. FIG. P41.30(a) 
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(b) The wavelength inside the box is 2 L . The wave function 

penetrates the wall, but the wavelength of the transmitted wave 
traveling to the left is the same, \2L \, because U = 0 on both sides 
of the wall, so the energy and momentum and, therefore, the 
wavelength, are the same. 


Section 41.5 Tunneling Through a Potential Energy Barrier 
P41.31 The decay constant for the wave function inside the barrier is: 

j2m(U-E) 

h 

^2(9.11xl0" 31 kg)(l0.0 eV- 5.00 eV)(l.60x 10“ 19 J/eV) 
~ 6.626 x 10“ 34 J-s/ 27r 

=1.14 xlO 10 m" 1 

(a) The approximate probability of transmission is 

T~e~ 2CL = |qoi 03 l 

or a 1% chance of transmission. 

(b) R=l-T = | 0.9901 , a 99% chance of reflection. 

P41.32 (a) T =e~ 2CL , where 

^_ V2m(U-E) 

h 

_ a /2(9.11x10“ 31 kg)(5.00-4.50)(l.60xl0’ 19 j) 

1.055xl0“ 34 J-s 

=3.62xlO 9 m -1 

and T =e~ 2CL =exp[-2(3.62xl0 9 m- 1 )(950xl0“ 12 m)] 

=exp (-6.88 Ml.03xhTt 
(b) We require e~ 2CL =10“ 6 . Taking logarithms, 

-2 CL =lnl0~ 6 =-61nl0 


3 In 10 _ 3 In 10 

'~C 3.62 x 10 9 m _1 


=1.91 x 10~ 9 m =| 1.91 nm| 
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P41.33 The original tunneling probability is T =e 2CL , where 
c _ y]2m{U-E) 

n 

_^/2(9.11xl0“ 31 kg)(20.0- 12.0)(l.60x 10~ 19 j) 

6.626 xlO“ 34 J-s/2 n 
=1.448 lxlO 10 mT 1 

_ r r he 1240 eV • nm _ _ _ T T 

The photon energy is hf =— =-=2.27 ev, to make the 

A 546 nm 

electron's new kinetic energy 12.0 + 2.27 = 14.27 eV and its decay 
coefficient inside the barrier 

c , _ >/2m(U-E) 

ti 

_^2(9.11xKT 31 kg)(20.0-14.27)(l.60x 10“ 19 j) 

6.626 xl0“ 34 J-s/2 k 
=1.225 5xl0 10 m _1 

Now the factor of increase in transmission probability is 

g ~ 2CL 2L(C-C') _ 2(l.00xl0- 9 m)(0.223xl0 1 °m- 1 ) _ 4.45 Q 

e ~2 CL 1 1 1 l OD ”, 


Section 41.6 Applications of Tunneling 

P41.34 With the wave function proportional to e~ CL , the transmission 

coefficient and the tunneling current are proportional to \y/\ 2 , to e~ 2CL . 
Then, 


7(0.500 nm) _ e -2(io.o/n m )(o. 5 oo 
7(0.515 ran) e -2(io.o/n m )(o.5i5 


=e 20.0(0M5) = [p35] 


P41.35 


With transmission coefficient e 2CL , the fractional change in 
transmission is 

-2(l0.0/nm)L -2(l0.0/nm)(L4O.002 00 nm) 

£__ -20.0(0.00200) 

g -2(l0.0/nm)L 1 g 

=0.039 2 = 3.92% 
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Section 41.7 The Simple Harmonic Oscillator 
P41.36 (a) The wave function is given by y/ =Axe ~ bx2 , so 

^ =Ae~ bxl -2bx 2 Ae~ bx2 
dx 

and 


= I "-IbxAe fe2 - 4 bxAe b ^ ] + 4 b 2 x 3 e fa2 = -6by/ + 4 b 1 x\ 
dr L - 1 


dx‘ 

Substitute into Equation 41.24: 
h 2 d 2 yr 1 22 

-2 m l? + 2 mmXW = E * 


-[-6 by/ + 4b 2 x 2 y/~\ + —mco 2 x 2 y / = Ey/ 


2m 

3bti 


2b 2 n 2 2 1 2 2 r 

- x yt = — moo x y/ + Ey/ 

m 2 


For this to be true as an identity, the coefficients of like terms 
must be the same for all values of x. So we must have both 


1 2 
=-mco 
2 


3 bh 2 


P41.37 


b mco 

i 

L 

n 

1 

1 W 
cy 
St* 

1 

-hco 

2 

2 n 

m 


(c) 


The energy levels are E n = ^n + ^fico = ^hco , so n = 1, which 
corresponds to the [first excited state) . 


The longest wavelength corresponds to minimum photon energy, 
which must be equal to the spacing between energy levels of the 
oscillator. From E=fi(o, we have 

he IT _h_ jT 

A V m 2n\m 
or 

2 =2*cjf =2.(3X»xlO• 

= | 600 nm[ 
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P41.38 


P41.39 


P41.40 


The longest wavelength corresponds to minimum photon energy, 
which must be equal to the spacing between energy levels of the 
oscillator, which is (from Equation 41.28) 

E =hco 


X \m 2n\m 


AH 


2xcJ— 
k 


(a) With y/ =Be / the normalization condition J \y/\ 2 dx =1 

becomes 


1 = J B 2 e~ 2(mo/2n)xl dx =2B 2 ]e- (mo/t ' y dx 
0 

n2 1 


=2B 


=B 


2 ]j mco/h 

where Table B.6 in Appendix B was used to evaluate the integral. 


Thus, 


B = 


y/ 4 


(b) For small 8, the probability of finding the particle in the range 

8 8 . 

— <x <— is 
2 2 


S/ 2 

J \iff\ 2 dx~8\y/(o)f =8B z e~ n = 

-5/2 


mo)\ 

I 


(a) For the center of mass to be fixed, m } u y + m 2 u 2 = 0. Then 

. m, I, m 7 + ra,, , 

u = \u l \+\u 2 \ =|Mj|h— -\u y | = —- l |m 1 | 



\u 2 \ = 


m y u 
m y + m 2 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 




Chapter 41 973 


P41.41 


Substitute for |w a | and |w 2 |: 

1 2 1 o 1,2 1 m.mlu 2 1 m.mtu 2 1, 2 

2 11 2 2 2 2 2 (tMj +m 2 ) 2( OTl +m 2 ) 2 2 

_l m 1 m 2 (m 1 +m 2 ) ^ 2 + 1 ^ 2 

2 (m 1 +m 2 ) 2 2 

=- pu 2 +-kx 2 

2 2 

(b) Because the total energy is constant 

-(-IJu 2 +-kx 2 )=0 

dx U 2 J 

„ 1 „ (Jm 1,„ dx du , du , 

0 =-u2u — +-k2x =iU -b/cx =u -1 -kx =Lla +kx 

2 dx 2 dt dx dt 

pa =-kx 

__kx 

V 

This is the condition for simple harmonic motion; the acceleration 
of the equivalent particle is a negative constant times the 
displacement from equilibrium. 

(c) By identification with a =-co 2 x, 


[k 

1 [k 

t =2Kf and 



(a) With ( x ) =0 and (p x ) =0, the average value of x 2 is (Ax) 2 and the 
average value of p 2 x is (A p x f . We know Ax > ^—. 


The average of the energy is constant: 

^) 


{E) j£L\JtAM H 

x ' \2m/ \2 / 2m 


=<^+V) 2 >^+-f- s - 

2m 2 2m 2^2A p x 

Mp, 


2 m 8(Ap x f 

We rewrite the last equation as 


' 2m 8 p 2 x 
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P41.42 


(b) To minimize E as a function of (a p x ) 2 , we require 

1=0 


d 

(a P x ) 2 | kh 2 

d[(ty x f] 

2m 8(Ap x f 


X1 =0 

2m 8 '(ApJ 


Then 


8(Ap x f 2m 


_ 1 ^ |2 _r2m/c/? 2 V /2 _TiJmk 


and 


£ >(^J + . kh‘ 


_hjmk_ + _kh 2 2 


2m 8(Ap x f 2 (2m) 8 h^fmk 

= n (I + n (V = n [T 

4 vm 4\m 2\w 

Therefore, £ =- 

mm 2\m | 2 | 

Equation 41.26 is y/ =Be^ mC0/2h ' >x , so 

dy/ (mco\ , dV fmmY 2 f mco\ 

and 

Substitute into Equation 41.24: 

h 2 d 2 y/ 1 22 

- ^ + —mco x xi/ = Ey/ 

2m dx 2 2 y y 

+ -^mco 2 x 2 y/ = Ey/ 
y = Exp 



which is satisfied provided that £ =—^~. 
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= |3.31 x 10 24 kg • m/s] 


Additional Problems 

P41.43 (a) The particle's wavelength is 

A =— =— =|2.00x 1CT 1 
n 1 - 

(b) Its momentum is 

^ _h _6.626x 10” 34 Js 

V "f^ODxir^' 

(c) And its energy is 

v 2 (3.31 xicr 24 kg-m/s) 2 .-. 

E =J— = X - - r - % -r 1 - = 0.171 eV 

2m 2 (2.00 x 1CT 28 kg) 1 - 1 

P41.44 (a) From Equation 41.4 for y/{x) =Ae lkx , the first and second 

derivatives are 

-^-(Ae ,kx ) =ikAe lkx and =-k 2 Ae lkx 
Ax Ax 


Then 


2m ix 1 2m' '2m' 1 


¥(¥)'(¥) <**> 

yyvi-s*- 


2m U 

(b) For y/[x) =Asinf^-^-l =Asinfct, 


Ky/ 


—( A sin kx) =Ak cos kx and =-Ak 2 sin kx. 

Ax Ax 

Then, similarly to the proof in part (a), 

=- [-Ak 2 sin kx ) =^(Ak 2 sin kx) 

2m Ax 2 2m ' ' 2m' ' 2m 

=Ky/ 
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P41.45 


P41.46 


P41.47 


From Equation 41.13, y/ 2 (x) 


4-m 


The probability of finding the particle between X = 0 and X = L /4 is 


JM 2 dx = \ ^sin 2 [^)dx=^ J 


_/ L/ M-cos[2[2nx/L)] 


X 




4 n 


JJo _L - 


4 4;r 


-sin f =— 


If we had n = 0 for a quantum particle in a box, its momentum would 
be zero. The uncertainty in its momentum would be zero. The 
uncertainty in its position would not be infinite, but just equal to the 
width of the box. Then the uncertainty product would be zero, to 
violate the uncertainty principle. The contradiction shows that the 
quantum number cannot be zero. In its ground state the particle has 
some nonzero zero-point energy. 

and where m is in kilograms, and U 


_sj2m[U -E) 


T = e , where C =- 
and E are in joules. 

(a) We compute 

^2(9.11 xlCT 31 kg)[(0.010 0 eV)(l.60xlCT 19 J/eV)] 


1.055xlO -34 J-s 


=5.12 xlO 8 m _1 


Then, 


2CL =2(5.12xlO 8 m _1 )(0.100xl0” 9 m) =0.102 


and T =e“ 0102 = |0.903| 

(b) We compute 

^2(9.11 xlO -31 kg)[(l.00 eV)(l.60xl0“ 19 J/eV)] 
C 1.055xlO' 34 J-s 

=5.12xlO 9 m _1 

Then, 

2CL =2(5.12xlO 9 m^jlo.lOOxlO' 9 m) =1.02 


and T =e~ 102 = |0.359| 
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P41.48 


(c) We compute 

^2(6.65xl0~ 27 kg)[(l.00xl0 6 eV)(l.60xl0“ 19 J/eV)] 
C 1.055xl0“ 34 J-s 

=4.37 xlO 14 m _1 

Then, 

2CL =2(4.37xl0 14 m _1 )(l.00xl0 _15 m) =0.875 


(d) 


and T =e“°' 875 = |0.417| 
We compute 


:CL-2 ^ 2(8 ' 00kg)(l ' 00]) 
1.055x10 34 J s 


Then, 


(0.020 Om) =1.52xlO 33 


T = g- 1 - 52xl ° 33 _g(U10)(-1.52xl0 33 /lnl0) _| -^ q -6.59 x 10^~ 


From Equation 41.14, the energy levels of an electron in an infinitely 
deep potential well are proportional to n 2 . If the energy of the ground 
state, n = 1, is E 1 = 0.300 eV, the energy levels of the states n = 2,3, and 
4 are 


E 2 =2 2 (0.300 eV) =1.20 eV 
£ 3 =3 2 (0.300 eV) =2.70 eV 
E 4 =4 2 (0.300 eV) =4.80 eV 

(a) For the transition from the n = 3 level to the n = 1 level, the 
electron loses energy 

he 

E =— =£, -E, =2.70 eV-0.300 eV =2.40 eV 

A 3 1 

. he 1240eV-nm 

A =— =-=517 nm 

A £ 2.40 eV 

(b) For the transition from level 2 to level 1, 

£ = 1.20 eV - 0.300 eV = 0.900 eV 

and 


=1 380 nm = 1.38 /im 


^ _hc _1240 eV-nm _ 

_ AE 0.900 eV 

This photon, with wavelength greater than 700 nm, is in the 
[infrared] region. 
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In like manner, we find 


for 3 to 2: 
for 4 to 1: 
for 4 to 2: 
for 4 to 3: 


AE =1.50 eV, and A = 827 ran, infrared 


AE =4.50 eV, and A = 275 nm, ultraviolet 


AE =3.60 eV, and A = | 344 nm, near ultraviolet | 

AE =2.10 eV, and A = | 590 nm, yellow-orange visible | 


P41.49 (a) From E = hf, the frequency is 

E = (1.80 eV) ( 1.602 xl0~ 19 H 

* ~h ~ (6.626 x 10" 34 J-s)[ 1.00 eV J 

=4.35 x 10 14 Hz =435 x 10 12 Hz = 435 THz| 

(b) The wavelength of the emitted photon is 

A =4 = 3 '°° Xl0 i m/S =6.89 x 10' 7 m =|689nm| 
/ 4.35 x 10 Hz 1 - 1 


(c) We use AEAt > -, so 


_ 6.626xl0“ 34 J-s 


2 At An {At) 4^(2.00xl0 -6 s) 

AE > 2.64 x 10“ 29 J =1.65 x 10“ 10 eV =165 x 10' 12 eV 
=165 peV 

The uncertainty 14 165 

Suppose the marble has mass 20 g. Suppose the wall of the box is 12 
cm high and 2 mm thick. While it is inside the wall, 

U =mgy =(o.02 kg)(9.8 m/s 2 )(0.12 m) =0.023 5 J 


Then, 


E =K =—mu 2 =—(0.02 kg)(0.8 m/s) 2 =0.006 4 J 


c _ V2 m(U-E) J2(0.02kg)(0.0171j) iq32 

n 1.055xlO- 34 J-s 
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P41.51 


P41.52 


and the transmission coefficient is 

e -2 CL =g -2(2.5xl0 32 )(2xl0- 3 ) =g -l 0 xl0 29 =g -2.3o(4.3xl0 29 ) 

=10- 4 - 3xl ° 29 = K .10- 10 * > ,| 

(a) From Equation 41.14, the allowed energy levels are 


. 4 ^ 1 * 


- „ n = 1,2,3,... 

{ 8mL 2 J 

The energy of the absorbed photon is 


E =AE n =E 3 -E 1 = 


k 2 

8 mil 


(3 f~ 


h 2 

8m L 2 


(If =8 


W 


We determine the length of the box from 


he _ h 2 
A, mjf 


L = 

' hA Y /2 


K m e c J 


(b) The energy lost during the n = 3 to n = 2 transition is 

h 2 


E' =£,-£, = 


he 5h 2 


d(3) 2 


k 

8 m.L 2 




h 2 

8 m L 2 


The wavelength of the emitted photon is then 
_ 5h 2 f ptfc 


A' =-A\ 
5 


A' 8 m e lf hA 

(x 2 ) = j x 2 \y/\ 2 dx 

For a one-dimensional box of width L, from Equation 41.18, 
[2 . (mix '1 

(x 2 )=yjx 1 sm 2 (^-)dx 


With the substitution 
nn 

T 


nnx , nn , 
y =- —> dy =—dx 


x =—y —> dx =—dy 
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P41.53 


the integral becomes (from integral tables) 


iV 


' ' Lynn 

2 L 2 \ 

IT* 2 

/ 0 

v_r 

(nnf[ 

> l 

2 L 2 \ 

( nn) 3 

(nnf[ 

6 

2 L 2 \ 

(nnf 

[nn f [ 

6 


, 1 ” 


3 2 n 2 n 2 


(a) The requirements that ^ =L and p are still valid. 

From the relativistic energy of the particle, 

E =yj(pcf +(mc 2 f => E »=ij(^[-j +[mc 2 f 
its kinetic energy is therefore 


K n =E n - me 2 = +(mc 2 f -n 

g L = 1.00 x 10' 12 1 


(b) Taking L = 1.00 x 10 m, m = 9.11 x 10 3 kg, and n = 1, we find 
K 


-\mc I -me 


(l)(6.626xl0“ 34 J s)(2.998xl0 8 m/s) 
2(l.00xl0“ 12 m) 


9.11 xl0~ 31 kg)^2.998xl0 8 — j 

- (9.11 x 10' 31 kg)f 2.998 x10 s —] 


=| 4.68x10 J| 


(c) The particle's nonrelativistic energy is 

h 2 (6.626 xlO“ 34 J-s) 2 


8 mL 2 8(9.11xl0- 31 kg)(l.00xl0~ 12 m) : 


T =6.02 xl0~ 14 J 
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Comparing this to K v we see that this value is too large by 


128.6% | - 


P41.54 Looking at Figure 41.7, we see that wavelengths for a particle in a finite 
well are longer than those for a particle in an infinite well. Therefore, 
the energies of the allowed states should be lower for a finite well than 
for an infinite well. As a result, the photons from the source have too 
much energy to be absorbed or, equivalently, the photons have a 
frequency that is too high. In order to lower their apparent frequency 
using the Doppler shift, the source would have to move away from the 
particle in the finite square well, not toward it. 

P41.55 (a) For a particle with wave function 



for x > 0 


for x < 0 


The probability densities are 


\\j/(x)\ 2 =0 for X < 0 

and \y/ 2 (x)| =-e~ 2x/a for x > 0. 
1 1 a 


for x < 0 


ANS. FIG. P41.55. shows a sketch of the probability density for 
this particle. 



ANS. FIG. P41.55 


(b) The probability is obtained from 


Prob(x < 0) = J |yx(x)| 2 dx = J (0 )dx = [o] 


(c) For the wave function to be normalized, we require 


J \y/[x)\ 2 dx = J \y/\ 2 dx +]\y/\ 2 dx =1 


Performing the integration gives 
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P41.56 


(d) The probability is obtained from 


Prob(0 <x <a) =]\y/\ 2 dx =](- y~ 2xla dx =-e~ 2 


(a) Taking L x = L y = L, we see that the expression for E becomes 


8m X 


(»;+«») 


The general form of the wave function is 
y/ ~ sinf 




For a normalizable wave function, neither n x nor n y can be zero, 
otherwise y/= 0. 


(b) The ground state corresponds to yi x =n y =1| . 

(c) The energy of the ground state is 

h 2 


E 1 j =——x(l 2 +1 2 = 
1,1 8 mX 2 ' 


h 2 

4 ml 2 


(d) For the first excited state, |n x = 1 and n y = 2, or n x = 2 and n y = l| . 

(e) For the second excited state, = 2 and n y = 2| . 

(f) The second excited state, corresponding to n x = 2, n y = 2, has an 
energy of 


E 2 2 =—^-(2 2 +2 2 ) : 
2 ' 2 8m± ' ' 


(g) The energy difference between the ground state and the second 
excited state is 


3 h 2 


AE =E 7 2 — E, , = - - —|-^ 

' ' mX 4 m,L 2 4m X 


(h) AE = 


3 h 2 _hc 
4 mX 2 A 




4 m.cL 2 


3E 
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P41.57 (a) The expectation value is 

oo , \ 1/2 

<x)°=Jx^J e~ ax2 dx=\o\ 

since the integrand is an odd function of X. 

(b) The expectation value is 

(x) 1 = j x 2 e~ ax2 dx =0 

since the integrand is an odd function of X. 

(c) The expectation value is 

(*)„i = ] x \(v 0 +¥i ) 2 dx =|(x ) 0 +^(x\ +]'Xy/ 0 [x)y/ 1 [x)dx 
The first two terms are zero, from (a) and (b). Thus, 



Where we have used Table B.6 in the Appendix to evaluate the 
integral. 

P41.58 With one slit open. 

Pi =ki| 2 or P 2 =\y / 2 \ 2 

With both slits open, 

p=\wi+Yi r 

At a maximum, the wave functions are in phase 
Pmax =(kl|+k 2 |) 2 

At a minimum, the wave functions are out of phase, 

=(\¥ i \-\¥ 2 \) 2 
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Now, 


P \y/f 

_l = iTlL =25.o, 

p 2 \Wt\ 

=5.00 

ml 


P max _ (|v^il +|v^21) 2 _ (5.00|y 2 | +\y/ 2 \f _ (6.00) 2 _ 36.0 _ 
^ "(l^l-l^l) 2 ”(5.00|^ 2 |-|^ 2 |) 2 (4.00) 2 "16.0 ' 


Challenge Problems 

P41.59 (a) The claim is that Schrodinger's 

equation 


_ 2m 
dx>—^ 
has the solutions 


(E-U) V 


Incoming particles 

f~_ 

E = 7.00eV^ 

I U= 5.00 eV 

A _Ll 


i/q = Ae' klX + Be ,klX [region/] ANS. FIG. P41.59(a) 

y/ 2 =Ce ±2X [region//] 

Check that the solution for region / satisfies Schrodinger's 
equation: 


3 Vi 2m 

dx 2 h 2 Ev ' 

£_( Ae *.>)+|l( Be -* , <) +&-*.<) 

-k 2 (Ae :l ' I )-k 2 {Be- ll < x )=-^-E(Ae‘ l ' x ') 

-C(Ae*>' +Be- t ' i )=- 7 ^-E(Ae‘ , “ +Be 1 ') 


The last line is true if = 2 E, which it is because 

2m 2m /z 

Therefore, the equation is satisfied in region /. 
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P41.60 


Check that the solution for region II satisfies Schrodinger's 
equation: 

a> 2 2m /E jt x 
-=-- {E -u) ¥2 


±,(Ce^)=-^(E-U)(Ce^) 

-kl(Ce**)=-f-(E-U)(Ce*>') 

The last line is true if k 2 =^ L [E -U), which it is because 

2 n 2 


,-V_ 


+u 


_ (hk 2 ) 2 ^ _ j2m(E-U) 

2m 2m 2 fi 

Therefore, the equation is satisfied in region II. We apply boundary 
conditions. Matching functions and derivatives at X = 0, we find that 

[vX=(y 2 )„ gives A + 6 = C, 

and |AC| =f—l S^es k t (A-B)=kfi. 
v dx ) g v dx ) q 

Then B = - —^^-A and C = -— A. 

l + kj/fcj l + k 2 /fcj 

Incident wave 4 reflects 8e” ,te , with probability 




^ (l +fc 2 /fcj) : 

(b) With E = 7.00 eV and U = 5.00 eV: 

k= l E ~ U - /? 

Hq V £ V 7. 


2.00 eV 


The reflection probability is R =j|—=|0.092 0|. 


(c) 

(a) 


The probability of transmission is T =1 - R =| 
The potential energy of the system is given by 



= | 0.908] : 

_ (-7/3)e 2 
4;r e 0 d 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 




986 Quantum Mechanics 


(b) There are two electrons, each with minimum energy E v From 
Equation 41.14, the total energy is 


K =2 E 1 = 


2 h 2 


8m e (3df 


36mA 


(c) The total energy of the system is 

JA _ 7k e e 2 

36mA 2 3 d 

dE 


E = K + U = - 


For a minimum, we require —0. Differentiating, 

^=0 

did) 

J_f_h^_7k/) 
d[d){36mA 2 3d 1 


(-2) 

K‘ 


——— ( _ l) Z^l _ 0 

36mA 3 3 d 2 

1 7ke 2 


3 h 2 


7(l8m e )k e e 42 m e k e e 2 


Substituting numerical values, 

a _ (6.626x 10' 34 J-s) 2 

(42)(9.11xl0- 31 kg)(8.99xl0 9 N m7C 2 )(l.60xl0" 19 C f 
=4.99 x 10“ u m = |49.9 pm| 


(d) 


The lithium spacing is d and the number of atoms N in volume V 
is related by N d 3 = V , and the density is , where m is the mass 


of one atom. We have: 

, . Nm Nm 

density =— =-^ 


m 
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P41.61 


From which we obtain 

( V /3 

d=[ m . 1 = 

^density J 

=2.79 xl0“ 8 cm 

The lithium interatomic spacing of 280 pm is 5.59 times larger. 
Therefore, it is of the same order of magnitude as the interatomic 
spacing 2d here. 

The wave functions and probability densities are the same as those 
shown in Active Figure 41.4 of the textbook. From Equation 41.13, the 
wave functions are 


r 6.94 g 

1 mol 3 

mol 

6.022 xlO 23 atoms J 


0.530 


cm 


=2.79 x 10~ 10 mm =279 pm 


Vn = \IT 
(a) For n = 1, 


■ =JH 


nnx 

L~ 


where n = 1,2,3... 


P 1 = J k i/A 2 dx = - 

o.i5o nm vl.OOnm 

=(2.00/n m )[|-i5^ n • r 2 kx ) 


nx 

1.00 nm 


dx 


In the above result we used 


jsm 2 (ax)dx =^j-^^-jsin(2flx) 


Therefore, 

R 


=(l.00/nm)|^x- - 
’ =(l.00/nm)|i 


.00 nm 


-sin 


2 nx ^ 


In 

0.350 nm-0.150 nm 
1.00 nm 


In 


sin(0.7007r)-sin(0.3007r)]j 
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/ 2 nx' 

\dx~2w\ X ^sinf 

, . \ “10.350 

47TX ) 

lioo. 

) [_2 Sn \ 

JmjLo 


’ =1.0o[x-— sinf— 

L 4 k U-Oi 

= 1.00 j(0.350 - 0.150) - ^[sin(1.407r) - sin(0.6007r)]} 


n 2 h 2 

Using E„ =- T , we find that 

& " 8 mL 2 

(c) E t = |0.377 eV| and 

(d) E 2 = |l.51 eV| 

P41.62 (a) and (b) The Wave functions are shown in ANS. FIG. P41.62(a) and 

ANS. FIG. P41.62(b). 


A h 

s. ^ 

W 2 

V 

-1/a C 

1 1 la —1/a 0 

1/a 


ANS. FIG. P41.62(a) ANS. FIG. P41.62(b) 

(c) yr is continuous and y/ -+ 0 as r-> ±*>. The function can be 
normalized. It describes a particle bound near X = 0. 

(d) Since y/ is symmetric, 

J | y/f dx =l]\y/\ 2 dx =1 

-oo o 

» 2A2 r’ d *{^y-^= i - 

This gives \a =yfa\ . 

(e) The probability of finding the particle between -1/2 a and 
+1/2 a is 

—(l — c ') = 0.6321 
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P41.63 


a) Recall from Section 41.7 that the potential energy of a harmonic 
oscillator is ^ kx 2 =^mco 2 x 2 . We can find the energy of the 

oscillator E by substituting the wave function into the 
Schrodinger equation. 


-h 2 d 2 w 


\ + Uy/ = Ey/ 

2m dx 

From y/ =Bxe~ t ' m0>,2h ' ,x2 , we have 


-h d y/ 1 22 

- -hr + -mco x w = Ey/ 

2m dx 2 2 Y Y 


^ =Be 4^y +B JnmX A „ l2 ^ 


dx 




-(mffl/2s)x 2 


r (mo>/ 2h)x 2 


=Bx(- ^ b( ™ 12 « 

dx 2 l n ) { n J 

& =-::s| ™ I' +B f ™f, 

dx 2 l ft J l ft J 

Substituting the above into the Schrodinger equation, we have 

-n 2 d 2 y/ l 22 r 

—— + - mxv=Ev 

=4- 3B f m\ xe ^*v +B ( 


=E[Bxe- [m0,,2n)x2 ] 


±mco 2 x 2 [Bxe- (mc ° /2h)x '] 



=E^Bxe- (,ntt,/2n)x2 ^ 


^ 3/j® j (g -( mm/2h) X 2 j =E [ Bxe -(™»l2nV 
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The last line is true if 



(b) We never find the particle at \x =0| because y/= 0 there. 

(c) yr is maximized if 

dV =Be -(™/2_ B fm^] x 2 e -(m< a /2nW =0 

dx \ h ) 



which is true at 



(d) We require J \y/\ 2 dx =1 : 


1 = J B 2 x 2 e- (mo/n)x2 dx =2 B 2 jx 2 e- (ma/n)3 

=2B ^lizz =B ^rj_' 

4 ]j(m(o/h) 2 ymco 


dx 


Then, 


B- 2 ' p ( mm T 


(4mW" 

1/4 

l Kh * V 



(e) At x =2 [h/m(o ) 1/2 , the potential energy is 
=2 ha 


—ma 2 x 2 =-mco 2 
2 2 


'4h_\ 
ma J 


3 ha 


This is larger than the total energy / so there is |zero| classical 
probability of finding the particle here. 

(f) The actual probability is given by 

P =\y,\ 2 dx =lBxe- {ma/2h)x * Jd 


P^BVe^=s(^fY(^-)e 

-(,m,/n)x 2 

y nh ) \ma) 


2 (m 3l W 2 \ 4h -(m£0/fi) 4 (ft/mffl) _ 

w(=yv 

VhK ) 

h 3 ' 2 ){ma) 
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P41.64 (a) To find the normalization constant, we note that J \y/\ 2 dx =1, or 

o 

A 1[ sin ® <16sta t ? r) +8sta iT) sin ( 1 rl ,fa=1 

Noting that 
Jsin 

o v T y o 2 

Jx L sm(2nx/L)l _L 

"L*"* 2 J "2 

the integral becomes 



(b) To determine the relationship between A and B, we note that 
J i//| 2 dx =1. Therefore, 


\ A \ cos 2 [ — J + |B| sin 2 [ — 


f2|A||B|cos^^jsin^—j dx = l 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 




992 Quantum Mechanics 


Noting that 


jsin 

_r x + 2L sin [n x/a ) "|| 
\2 k 2 


and 


-ji 

_lx ( 2L sin(^x/fl)l| 

I2 ^ 2 L" fl 

the integral becomes 

\A\ 2 a + |B| 2 a + J |^2|A||B|cos^^- jsin^— jjdx = 


The third term is: 




_8a|A||B| 


•® 1 > 


so the whole integral is 

o(| A| 2 +|B| 2 )=1, giving 


A| 2 + |B| 2 = i 
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lNSWERS to even-numbered problems 


P41.2 

P41.4 

P41.6 

P41.8 

P41.10 

P41.12 

P41.14 


P41.16 


P41.18 

P41.20 


P41.22 


P41.24 


(a) See ANS. FIG. P41.2; (b) (c) 0.865 

1 

2 

(a) n =4; (b) 6.03 eV 

The photon does not have the smallest possible energy to cause the 
transition between states n = 1 to n = 2. 



(a) 5.13 x 10 3 eV; (b) 9.41 eV; (c) The electron has a much higher 
energy because it is much less massive. 

(a) 2.00 x 1(T 9 J; (b) 1.66 x 10“ 28 m; (c) No. The length of the box would 
have to be much smaller than the size of a nucleus (~10“ 14 m) to confine 
the particle. 

(a) ; (b) h 2 /8mL 2 ; (c) This estimate is too low by 4k 2 ~ 40 times, but 

it correctly displays the pattern of dependence of the energy on the 
mass and on the length of the well. 

See P41.18 for full explanation. 

(a) x = L /4, L /2, and 3 L /4; (b) We look for sin (3 nx/L ) taking on its 
extreme values 1 and -1 so that the squared wave function is as large 
as it can be. The result can also be found by studying Figure 41.4b. 


i 1 


(2 nl 


(a)-sin -- ; (b) See ANS FIG P41.22(b); (c) The wave function 

L 2k \ L J 

is zero for X < 0 and for X > L. The probability at t =0 must be zero 
because the particle is never found at x < 0 or exactly at x = 0. The 
probability at t =L must be 1 for normalization: the particle is always 
found somewhere in the range 0 < x < L; (d) 0.585L 


See P41.24 for complete solution. 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 




994 Quantum Mechanics 


P41.26 


P41.28 

P41.30 

P41.32 

P41.34 

P41.36 


P41.38 

P41.40 


P41.42 

P41.44 

P41.46 

P41.48 


P41.50 

P41.52 


(a) n = 1: ^(x) =^|cos^j; P, (x ) =y/ , (x ) 2 cos 2 ^ j, 

n = 2: v/ 2 (x)=^|sinj^^j; P 2 (x) =|v^ 2 (x)| 2 =|sin 2 j^^ 
n = 3: V/ 3 (x)=^|cos^^j; P 3 (x) =|^ 3 (x)| 


2 2 
=—cos' 
L 


( 3ttx^| 

kX~ ' 


(b) SeeANS FIG. P41.26(b). 
(a) A; (b) (C) 0.580 


L 2 m 


16L 


(a) See ANS. FIG. P41.30(a); (b) 2 L 
(a) 1.03 xl0~ 3 ; (b) 1.91 nm 
1.35 


(a) See P41.36(a) for full explanation; (b) b = niC0 - and -hco ; 

2 h 2 

(c) first excited state 



(a) See P41.40(a) for full explanation; (b) See P41.40(b) for full 

1 [k 

explanation; (c) f =—l— 


See P41.42 for full explanation. 

(a-b) See P41.44(a) and (b) for full explanations. 

See P41.46 for full explanation. 

(a) See P41.48(a) for full proof; (b) For 2 to 1 , A. = 1.38 pm, infrared; For 
3 to 2, A, = 827 nm, infrared; For 4 to 1, X = 275 nm, ultraviolet; For 4 to 
2, X = 344 nm, near ultraviolet; For 4 to 3, A = 590 nm, yellow-orange 
visible. 


~ 10 - 10 ” 


See P41.52 for full explanation. 
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P41.54 Looking at Figure 41.7, we see that wavelengths for a particle in a finite 
well are longer than those for a particle in an infinite well. Therefore, 
the energies of the allowed states should be lower for a finite well than 
for an infinite well. As a result, the photons from the source have too 
much energy to be absorbed or, equivalently, the photons have a 
frequency that is too high. In order to lower their apparent frequency 
using the Doppler shift, the source would have to move away from the 
particle in the finite square well, not toward it. 

P41.56 (a) E = h [n 2 +n 2 ); (b) n = n = 1; (c) ^ ; (d) n = 1 and n = 2, or 

8m e L ' y ' y 4 m e L 2 y 

Am rl^ 

n x = 2 and n = 1; (e) n x = 2 and n y = 2; (f) ^;(g) -^(h) pp 

m e L 4m e L 3 h 

P41.58 2.25 

c 2 h 2 

P41.60 (a)--—; (b) - T ; (c) 49.9 pm; (d) The lithium interatomic 

3d 36 m e d 

spacing of 280 pm is 5.59 times larger. Therefore, it is of the same order 
of magnitude as the interatomic spacing 2d here. 

P41.62 (a) See ANS. FIG. P41.62(a); (b) See ANS. FIG. P41.62(b); (c) yns 

continuous and if/ —» 0 as x —> ±>°. The function can be normalized. It 
describes a particle bound near x = 0; (d) A =Va; (e) 0.632 

P41.64 (aM=p;(b)|A| 2 + |B| J = i 

V17L a 
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Atomic Physics 


CHAPTER OUTLINE 


42.1 A tom i c Spectra of G ases 

42.2 Early Models of the A tom 

42.3 Bohr's M odel of the Hydrogen Atom 

42.4 The Quantum Model of the Hydrogen Atom 

42.5 TheWave Functions for Hydrogen 

42.6 Physical Interpretation of the Quantum Numbers 

42.7 The Exclusion Principle and the Periodic Table 

42.8 More on Atomic Spectra: Visible and X-Ray 

42.9 Spontaneous and Stimulated Transitions 

42.10 Lasers 

|*4§llllliiN< indjjfil a question or probl^^etjilfc tlj^editionj 


lNSWERS to objective questions 


OQ42.1 (i) Answer (e).(ii) Answer (c). The M means that the electron falls 

into the M shell, for which n =3. The/? means the electron comes 
from two shells above M:theO shell, for which n =5. M a would 
refer to 4 3 and M refers to 5 ^ 3. 

OQ42.2 Answer (c). All states associated with i = 1 are referred to as d states. 

Thus, all 10 possible quantum states having n =3, i =2 are cal led 3d 
states. 


996 
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OQ42.3 Answer (d). Wavelengths of the hydrogen spectrum are given by 
l/h = R h (]/n 2 f -]/n, 2 ),whereR H is the Rydberg constant. For the 
transition n, =5ton f = 3, we have 

j =( 1.097 x 10 7 =7 - 80x 105 m 1 

A =1.28x HT 6 m 

OQ42.4 Answer (e). With a principal quantum number of n = 3, there are 3 

possible values of the orbital quantum number, i =0, 1, 2. Thereare 
a total of 2(2^+1) possible quantum states for each value of l, 

2£+l possible values of the orbital magnetic quantum number m f , 

and 2possiblespin orientations (m s = ±^) for each valueof m r 
Thus, the number of states are 

3s states (n =3 ,i =0): 2[2(0) +1] =2 

3 p states (n =3,1 =1): 2[2(1) + 1] =6 

3d states (n = 3 ,l =2): 2[2(2) +1] = 10 

The grand total of n = 3 states is 2 + 6 +10 = 18. 

OQ42.5 Answer (c). It is an experimental fact the charge on the electron is 
quantized. The Bohr model does not introduce thisasa new 
assumption. 

OQ42.6 (i) Answer (b). (ii) Answer (e). From thediscussion of Equations42.8 

and 42.9, K =^- and u=-^. If 
2 r r 

-E=K + U e = +^_^=_M,then E=^. 

2 r r 2r 2 r 

Therefore, K =E and U e =-2E. 

OQ42.7 Answer (e). The structure of the periodic table is the result of the 
Pauli exclusion principle, which states that no two electrons in an 
atom can ever have the same set of val ues for the set of quantu m 
numbersn, £, m f , and m s . 

OQ42.8 (a) Yes, provided thattheenergy of thephoton is precisely enough 

to put the el ectron i nto one of the al I owed energy states. 
Strangely—more precisely non-classical Iy—enough, if the 
energy of the photon is not sufficient to put the el ectron into a 
particular excited energy level, the photon will not interact with 
the atom at all! 
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(b) Yes, a photon of any energy greater than 13.6eV will ionize the 
atom. A ny energy above 13.6 eV w i 11 go i nto ki neti c energy of 
the newly liberated electron. 

OQ42.9 Answers (b) and (e). Choice (b) is not possible because the Pauli 

excl usi on pri nci pi e I i mits the number of el ectrons i n any p subshel I to 
a maximum of 6. Choice (e) is impossible because the selection rules 
of quantum mechanics limit the maximum valueof t ton - l.Thus, 
a 2d state (n =2, £ =2) cannot exist. 

OQ42.10 Answer (e). Si nee the electron is in some bound quantum state of the 
atom, the atom is not ionized and choice(a) is false. The fact that the 
electron is in a d state means that its orbital quantum number is 
1=2, so choice(b) isfalse. Also, si nee the maximum valueof t is 
n- 1, choice(c) isfalse. Finally, the ground state of hydrogen isals 
state, so choice (d) isfalse. Choice (e) is true because the magnitude 
of the orbital angular momentum is L = j£(£+l)h = ^2(2+1 )h = V6 h. 


OQ42.ll 


(i) I n order of energy change, the ranki ngisa>d>c>b. 

(ii) In order of decreasing photon wavelength, the ranking is 
c=d >b>a. 


We cal cu I ate the energy of the photon accord i ng to 
A E =(l3.6eV)^-^-j, where A£> 0 means the photon is 

absorbed and AE< 0 means the photon is emitted. We calculate 
the wavelength according to A =— =-—-. 

(a) n,=2andn f = 5, AE =2.86 eV (absorption) A =434 nm 

(b) n, =5 and n f = 3, A E =-0.967 eV (emission) A =1 280 nm 

(c) n, =7andn f =4, AE =-0.572 eV (emission) A =2 170 nm 

(d) n, =4and n f =l, AE =0.572 eV (absorption) A =2 170 nm 


OQ42.12 Answer (c). The photon carries energy, thus an electron must lose 
energy. 

OQ42.13 (a) Yes. Asn^oo, E n =-13.6 eV/ n 2 -> 0, and the electron remains 

in a bound state. 

(b) No. To produce a spectral line, the electron must make a 

transition from a higher energy bound state to a lower energy 
bound state. The greatest frequency isthatof the Lyman series 
limit, caused by the transition frormn =°oton =1. 
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(c) Yes. Photons with large wavelengths, corresponding to low 
photon energies, can be produced by transitions between 
adjacent states with n large. 

OQ42.14 (i) Answer (d). The spin quantum number m s = ±3/2. 


(ii) Answers(c) and (d). The orbital magnetic quantum number m f 
has the range -£,-£ +1,.. .,-1,0,1,.. .,£-1,1, and spin quantum 
number m s =±3/2. 

(iii) Answers (b) and (c). The orbital quantum number has values 
£ =0,1,2,.. „n- 1, and, as stated above, m f can be zero. 


OQ42.15 Answer (a). The bombarding electron can give up all or part of its 
ki netic energy to the atom. The energy requ i red to rai se the atom 
from its ground state to its first excited state is 


A E=E 2 -E 1 


13.6 eV 
2 2 




The bombarding electron can give up this energy to the atom and 
carry off the remai ning 0.3 eV. 


lNSWERS to conceptual questions 


CQ42.1 Stimulated emission coerces atoms to emit photons along a specific 
axisand in phase rather than in the random directions and phases of 
spontaneously emitted photons. The photons that are emitted 
through stimulation can be made to accumulate over time. The 
fraction allowed to escape constitutes the intense, collimated, and 
coherent laser beam. If this process relied solely on spontaneous 
emission, the emitted photons would not exit the laser tube or crystal 
in the same direction. Neither would they be coherent with one 
another. 

CQ42.2 In a neutral helium atom, one electron can be modeled as moving in 
an electric field created by the nucleus and the other electron. 
According to Gauss's law, if theelectron is above the ground state it 
moves i n the el ectri c fi el d of a net charge of +2e - le = +le. We say 
the nuclear charge is screened by the inner electron. Theelectron in a 
He + ion moves in the field of the unscreened nuclear charge of 2 
protons. Then the potential energy function for the electron is about 
double that of one electron in the neutral atom. 

CQ42.3 Fundamentally, three quantum numbers describe an orbital wave 
function because we live in three-dimensional space. They arise 
mathematically from boundary conditions on the wave function, 
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expressed as a product of a function of r, a function of 0, and a 
function of <p. 

CQ42.4 Bohr'stheory pictures the electron as moving in aflat circlelikea 
classical particle described by =ma. Schrodinger's theory 
p i ctu res the el ectron as a cl ou d of p robabi I i ty amp I i tu d e i n the th ree- 
dimensional space around the hydrogen nucleus, with its motion 
described by a wave equation. In the Bohr model, angular 
momentum can take the values L =nh, n =1, 2, 3,..., so the ground- 
state angular momentum is 1# ; in theSchrodinger model, angular 
momentum can take the values L = ^£(1+ 1)/?, i =0, 1,..., n - 1, so 
the ground-state angular momentum {n =l-> t =0) is zero. Both 
models predict that the electron's energy is limited to discrete energy 
levels, given by -13.6eV/ n 2 , with n =1, 2, 3,_ 

CQ42.5 Practically speaking, no. Ions have a net charge and the magnetic 

force q(vx b) would deflect the beam, making it difficult to separate 
the atoms with different orientations of magnetic moments. 

CQ42.6 The deflecting force on an atom with a magnetic moment is 

proportional to thegrad/mtofthemagneticfield.Thus, atoms with 
oppositely directed magnetic moments would be deflected in opposite 
directions in an inhomogeneous magnetic field. 

CQ42.7 I f the excl usi on pri nci pi e were not val i d, the el ements and thei r 

chemical behavior would be grossly different because every electron 
would end up in the lowest energy level of the atom. All matter would 
be nearly alike in its chemistry and composition, si nee the shell 
structures of all elements would be identical. Most materials would 
have a much higher density. The spectra of atoms and molecules would 
be very simple, and there would be very little col or in the world. 

CQ42.8 Bohr modeled theelectron as moving in a perfect circle, with zero 

uncertainty in its radial coordinate. Then its radial velocity is always 
zero with zero uncertainty. Bohr'stheory violates the uncertainty 
principleby making the uncertainty product ArAp r bezero, less than 
the minimum allowable h/2. 

CQ42.9 Thethreeelementshavesimilarelectronicconfigurations. Each has 
filled inner shellsplus one electron inan outers orbital. Their single 
outer electrons largely determine their chemical interactions with 
other atoms. 

CQ42.10 Each of the electrons must have at least one quantum number 

different from the quantum numbers of each of the other electrons. 
They can differ (in m s ) by being spin-up or spin-down. They can also 
differ (in £) in angular momentum. Those electrons with t =1 can 
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differ (in m e ) in orientation of angular momentum. Forn =2, £ =0 or 
1. If t =0, rn e =0, and m s =±V 2, for a total of two different states. 
For £ =1, m e =-l, 0, +1, and m s =±V 2, for a total of six different 
states. 

CQ42.ll If an electron moved likea hockey puck, itcould have any arbitrary 
frequency of revolution around an atomic nucleus. If it behaved like 
a charge in a radio antenna, it would radiate light with frequency 
equal to its own frequency of oscillation. Thus, the electron in 
hydrogen atoms would emit a continuous spectrum, electromagnetic 
waves of al I frequencies smeared together. 

CQ42.12 N o. Laser I ight is col I i mated. The energy general ly travels i n the 
same di recti on. The i ntensity of a laser beam stays remarkably 
constant, independent of the distance it has traveled. 


SOLUTIONS TO END-OF-CHAPTER PROBLEMS 


Section 42.1 Atomic Spectra of Gases 

P42.1 (a) The wavelengths in the Lyman series of hydrogen are given by 

M 1 -?) 

wheren =2, 3,4,... , and the Rydberg constant is 
R h =1.097 373 2x 10 7 m -1 .This can also be written as 



therefore, thefirst three wavelengths in this series are 
1 7 72 ' L5x 1(T 7 m 


=1.025x 1(T m 


1.0973732xlO 7 m 4 l 

I - 1 

7m 

=1121.5 nm| 


1 

r s 2 ' 

1.097 373 2xl0 7 m 1 


=|102.5 nm 


1 

i rin-i —r—> n. . in7_-1 

f 42 ' 

a2 1 


=9.720x 1(T 8 m 


= |97.20 nm | 

(b) These wavelengths are all i n the |ultravi0|^ jQ| the spectrum. 
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P42.2 


P42.3 


(a) The wavelengths i n the Paschen series of hydrogen are given by 



wheren =4, 5, 6,... , and the Rydberg constant is 
R h =1.097 373 2x 10 7 nr 1 . This can also be written as 



therefore, the first three wavelengths in this series are 


1 1.097 3732 x 10 7 m 
= |1 875 nm| 


" 9(4) 2 ' 


=1.875x 1CT 6 m 


1.097 373 2xl0 7 m 
= | 1 281 nm~1 


' 9(5) 2 ' . 


1.281x 10r 6 m 


K 


,1 C? Q X - 


1.097 373 2 xlO 7 rrr^-g 
= | 1094 nm| 


L.094x 1CT 6 m 


(b) These wavelengths are al I i n the I i nfrared | region of the spectrum. 

(a) The fifth excited state must I i e above the second excited state by 
the photon energy 

_/tc_(6.626x1(T 34 J s)(3.00x 10 8 m/s) 

52 " “T 520X 1(T 9 m 

=3.82xl0r 19 J 


The sixth excited state exceeds the second in energy by 
_(6.626x lOr 34 J • s )(3.00x 10 8 nrV s' 


410x10 9 m 


4.85 x HT 19 J 


Then the sixth excited state is above the fifth by 
(4.85 - 3.82) x 1CT 19 J =1.03x 10r 19 J 
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P42.4 


In the 6 to 5 transition the atom emits a photon with the infrared 
wavelength 

he (6.626x HT 34 .! sX^OOxlO 8 m/s) 

1.03 x 1CT 19 J 

= 1.94x 10 6 m 4$-94/H 

(a) Denote the energy level n of the atom by E n . For the transition 
m -> 1, the energy of the emitted photon and its wavelength A ml 
are related thus: 



Forthetransitionn 1, the energy of the emitted photon and its 
wavelength X nl are related similarly: 


Therefore, for the transition m->n, the energy of the emitted 
photon and its wavelength X mn (wherem is the higher state, so 
X nl >X ml ) can be related as 



A£_=(fn,-£,)-(fn-fJ=^ 

= _/K __/TC = _/K J^ = JL_L 

\l ^mn \il ^nl 


This result may be written as 



1 

^ mn = 

VX ml -l/X nl 


(b) Multiply the result of part (a) by 2n and apply the definition 

k lt =2n/X jj : 


2;r 


^ml 
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P42.5 


Our equation is 


1 

X 


— R h 


where R H =1.097 373 2x 10 7 rrr 1 . 


With our notation we have identified what Rydberg did not know, that 
the integers are the principal quantum numbers of the original and 
final atomic states in the photon emission process. For the Lyman 
series, wehaven f = 1, and n, =2, 3,4,... We solve for the quantum 
number of the original state 


_1 = _1_ l _ 

nif n 2 f R h X 


1 

" R h X 


(a) and substitute the given val ues. 


ri_ 1 _i 

U 2 94.96x 1 CT 9 m x 1.097 x 10 7 m 1 J 




The electron makes a transition from energy level 5 to the ground 
state to emit I ight i n this spectral I i ne. 

(b) and (c) By Figure42.8, spectral lines in the Balmer and Paschen 
series all have much longer wavelengths, si nee much smaller 
energy losses put the atom into energy levels 2 or 3. The 
expressions 


_[ 1 1 y V2 

n ‘ U 2 94.96x 1 CT 9 m x 1.097 x 10 7 m 1 J 

and n , g 4 gQ x ior 9 m x 1.097 x io 7 rrf 1 ] 

areimaginary quantities, not real positive integers. The Lyman- 
delta wavelength given cannot be part of the Balmer or the 
Paschen series. 


Section 42.2 Early Models of the Atom 

P42.6 According to a classical model, the electron 

moving as a particle in uniform circular motion 
about the proton i n the hydrogen atom 
experiences a force^e 2 / r 2 ; and from N ewton's 
second law, F =ma, its acceleration isk e e 2 / m/ 2 . 



ANS. FIG. P42.6 
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(a) U sing the fact that the Coulomb constant i s k e = --, the 

centripetal acceleration is 

v 2 F e 2 2 e 2 


r m e %e 0 r m e 
The total energy is 

m e v 2 e 2 


4ne 0 r 


E =K +U =- 


4kg 0 t 8 ne 0 r 


Substitute the expressions for E and a into the relation for 

dE _ -1 e 2 a 2 
dt 6 7te 0 c 3 

e 2 dr -e 2 ( e 2 Y 

8 ne Q r 2 dt 6 k e 0 c 3 { 4 ks 0 r 2 m e J 


(b) 




Therefore, — =-^^ 

dt 12 K 2 elm 2 c 3 


From the result of part (a), we have 

12k 2 gI r 2 m 2 c 3 , 


T=jdt=- J 


= 1 


"12k 2 G 2 r 2 m 2 c 3 


12 K 2 G 2 m 2 c 3 r 3 
e 4 3 n 


_12^ 2 (8.85x 10 12 C) 2 (9.11x 10r 31 kg) 2 (3.00x 10 8 m/ s) 3 
(l.60x 1CT 19 c) 4 


(zOOxlOr 10 m ) 3 

x - 5 - — 

3 

=8.46x 10 10 s =| 0.846 ns | 

Si nee atoms I ast much I onger than 0.8 ns, the cl assi cal I aws 
(fortunately!) do not hold for systems of atomic size. 
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P42.7 (a) The point of closest approach isfound when 

E=K i +U i =K f +U f 

K i +0=0+ ^ u 

r min 

_ /c e (2e)(79e) 

min K, 

_(8.99x 10 9 N ■ m 2 /C 2 )(158)(1.602x 1CT 19 cf 
fmin (4.00x 10 6 eV)( 1.602x 10 19 J/eV) 

= |5.69x 10 14 m~| 

(b) The maxi mum force exerted on the alpha particle is 

F _ kA<k» _ (8.99x 10 9 N • m 2 /C 2 )( 158)(1.602x lQr 19 c ) 2 
C (5.69xl0r 14 m) 2 

4113 N | 

away from the nucleus. 


Section 42.3 Bohr's Model of the Hydrogen Atom 

1 k 0 ^ 

*P42.8 From the equation just above Equation 42.9 in the text, -m e v 2 =-^—, 
we have 

2 

m e r 

and using 

_ n 2 ft 2 
n m e k e e 2 

we obtain 


k.e 2 


m e [n 2 h 2 / m e k e e 2 ) 


or 


v n 


nh 


©2014Cengage Learning. All Rights Reserved. M ay not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 



Chapter 42 1007 


*P42.9 


P42.10 


P42.ll 


Weuse E n = eV . To ionize the atom when theelectron is in the 
rr 

nth level, it is necessary to add an amount of energy given by 

rr 

(a) Thus, in the ground state wheren = 1, we have | E =13.6 eV | . 

...... 13.6eV 

(b) In then =3 level, E =- 


-=| 1.51 eV |. 


The allowed energy levels of the hydrogen atom are given by 

= 13.6eV wheren 2, 3... 
n 

A transition in which a lower staten, absorbs a photon of energy A E 
results in a higher state n f , and energy is conserved: 

£, +AE =E f 


A E =E f -E., ■■ 


3.6 eV f 

" 2 , T 


nf n f 


AE =13.6 eV 


2.86 eV | 


(a) For the transition n,^=2ton f =5, 

(b) For the transition n, =4ton f =6, 

Ag=13.6^/(A-^j= |0.472^/| 

The allowed energy levels of the hydrogen atom are given by 

= 13.6eV wheren 2 , 3... 
n z 

I n a transition for higher staten, to lower staten f , a photon of energy 
AE is emitted, and energy is conserved: 

Ei +AE =E f 


13.6 eV ' 

n? 1 “ 


13.6 eV 

n 2 


=13.6eVl 4-4 
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P42.12 


(a) For the transition n, = 5ton f =3, 

A E = 13.6 eV [y - ^ = 10-967 eV 

(b) To find the wavelength of the emitted photon, we use Equation 
42.5: 


A E =0.967 eV =hf 
Solving, 


he 

= T 




he 1 240 eV ■ nm 


= 1 282 nm = 11.28 ^m I 


0.967 eV 

(c) The frequency of the emitted photon is 

f= | = 3.00 x ltf^s =| 2 34xltf4Hz | 
A 1282 x 10 m - 


(a) The longest wavelength implies lowest frequency and smallest 
energy. The electron makes a transition from n =3to n =2: 


A E 


13.6 eV 13.6 eV 
3 2 + 2 2 


= | 1.89 eV 


(b) 


The photon's wavelength is 

^ _ c _ he _ 1 240 eV nm 
~1 “a E (l.89eV) 


= | 656 nm| 


This is the red Bal mer-al pha I i ne, which gi ves its characteristic 
color to the chromosphere of the Sun and to photographs of the 
Orion nebula. 


(c) The shortest wavelength implies highest frequency and greatest 
energy. The electron makes a transition from n =°°ton =2: 


A E 


13.6 eV 13.6 eV 

oo + 2 2 


= | 3.40 eV | 


(d) The photon's wavelength is 

, c he 1240 eV nm -, 

f A E 3.40 eV 1 - 1 


(e) This is the Bal mer series limit, [365 nm| , in the near ultraviolet. 
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P42.13 


(a) 


From the equation just above Equation 42.9 in the text, 



where, from Equation 42.10, 


r x =(l ) 2 3 , =0.005 29 nm =5.29x 1CT 11 m 
Substituting numerical values, 


_ l(8.99x 10 9 N ■ m 2 /C 2 )(l.60x HT 19 c ) 2 
Vl ~]j (9.11x 10 “ 31 kg)(5.29xl0r u m) 

= |2.19xl0 6 m/s| 

(b) The kinetic energy of the electron is 

K 1 =^m e vl =^(9.11x HT 31 kg)(2.19x 10 s m/ s ) 2 
=2.18xl0r 18 J = | 13.6 eV | 

(c) The el ectri c potenti al energy of the atom i s 

k e (? _ (8.99xl0 9 N • m 2 /C 2 )(l.60x 1CT 19 c ) 2 
Ul r 1 5.29x lCr 11 m 

=- 4.35x 10r 18 J = |-27.2 eV | 


*P42.14 Each atom gives up its kinetic energy in emitting a photon, so 
1 ;2 _hc _(6.626x lOr 34 J ■ s)(3.00x 10 8 m/ s) 

2 mV ~ A ~ (l.216xl0r 7 m) 

=1.63x 1CT 18 J 

Their speed before the colli si on is 


v = 


f 2(1.63xl0r 18 J) 
1.67x1 (T 27 kg 


=| 4.42 x 10 4 rrV s 


!f P42.l5 (a) The speed of the moon i n its orbit i s 

2 nr 2^(3.84xl0 8 m) ^ 

2.36x 10 s s 


SO, 

L =mvr =(7.36x 10 22 kg)(l.02x 10 3 m/ s)(3.84x 10 3 m) 
=|~Z89x 10 34 kg-mVs] 
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P42.16 


(b) WehaveL=n/?, 


= L _ 2.89x10* kg-m 2 /s J 2?4 ^ I 
" ft 1.055x lO " 34 J ■ s Z/4XlU 


(c) We have nh=L=mvr=m\ 




m 2 GM e 


_ 2 j Ar (n+1) R-rfR 2n+l 
=Rn 2 and — = -—%--= -—A 

r n R n 2 


which is approximately equal to - = | 7.30x 10~ 69 


(a) The col lection of excited atoms must make these six transitions to 
get back to state one: 4 ->1,4^ 2, and 4^ 3; 3^ land 3^ 2; 

2 -> 1. Thus, the absorbed photon changes the atomic state from 
lto4: 

13.6 eV 


E 1 +hf =E 4 


hf =E A -E 1 , where E n -- 


The i ncomi ng photons have energy 
hf =AE =E f - E, =- 0.850 eV - ( 


-13.6 eV) =12.75 eV 


he 


and wavelength 

, _ he _1 240 eV ■ nm 


= |97.3nm| 


12.75 eV 

(b) The longest of the six wavelengths corresponds to the lowest 
photon energy, emitted in the transition 4-> 3. By energy 
conservation, E A =hf+E 3 and 

hf =E a - E 3 =13.6 eV I ^ ^ I =0.661 eV =— 


3 2 4 2 


which gives 


he 1 240 eV ■ nm 


=1 876 nm =|l.88jum| 


E a -E 3 0.661 eV 

(c) The wavelength isinthe [irTfrared| region of the spectrum. 

(d) The wavelength is part of the |Paschen| series, sincethe lower state 
hasn =3. 

(e) The shortest wavelength emitted is from t he transit ion 4^1, and 
it is the same as the wavelength absorbed: |97.3 nrr| 

(f) The wavelength isinthe ^Ttravioletj region of the spectrum. 
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P42.17 


P42.18 


(g) The wavelength is part of the |Lyman| series, si nee the lower state 
hasn = 1 . 

(a) From Equation 42.12, 

r n =n 2 a 0 =n 2 (0.052 9 nm) 


and r 3 =( 3 ) 2 (0.052 9 nm) = | 0.476 nrril 


(b) 


Using Equation 42.8, we cal cu I ate the momentum of the electron: 



_ l(9.11x Id 31 kg)(8.99x 10 9 N • m 2 /C 2 )(l.602x Id 19 c ) 2 
V 0.476x Id 9 m 

=6.64x Id 25 kg ■ rrV s 


The de Broglie wavelength for the electron is 



mv 


6.626x 1CT 34 J ■ s 
6.64 x Id 25 kg ■ m/ s 


=9.97 x 10 10 m = |0.997 nm| 


We note, during our calculations, that the nominal velocity of the 
electron is I ess than 1 % of the speed of light; therefore, we do not 
need to use relativistic equations. 

(a) By Bohr's theory and Equation 42.12, 
r n =n 2 a 0 

r 2 =(2) 2 (0.052 9 nm) = |0.212 nmj 


(b) Since m e vr =nh, 

nh 2(l.054 6 x Id 34 J ■ s) 
P= m e v = T = 2.12 x 10~ 10 m 
= 19.97 x 10~ 25 kg-rrVs| 

(c) L =r x p becomes 

L 2 =m e v 2 r 2 =(9.97x Id 25 kg - m/ s)(o.212x Id 9 m) 


= 2 . 11 x 1 d 34 kg ■ m 2 / s 


(d) Next, the speed is 

__p_ _ 9.97 x IQ " 25 kg ■ nrVs 
y m e 9.11xld 31 kg 


= 1.09x 10 6 nVs 
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P42.19 


P42.20 


So the kinetic energy is K =±m e v 2 : 

_(9.11x 10 31 kg)(l.09x 10 6 rrVs) 2 


5.45 x 10“ 19 J 
1.602 x 10 19 J/eV 


=13.40 eV 


(e) From Chapter 25, the electric potential energy is U : 

r 

k'f? _ (8.99 x 10 9 N -m 2 / C 2 )(l.602 x 10 19 c) 2 

7 2.12 x 10 10 m 

=-1.09 x 10 18 J = -6.80 eV 

(f) Thus the total energy is 

E=K+U =-5.45 x 10 19 J =1 -3.40JI 


13 6eV 

(a) The photon has energy 2.28 eV, and —^— =3.40 eV is required 

to ionize a hydrogen atom from staten =2. So while the photon 
cannot ionize a hydrogen atom pre-excited ton =2, it can ionize a 
hydrogen atom in the n =[3 state, with energy 

_*!<*/=-!. 5ia/. 

(b) The electron thus freed can have kinetic energy 

K e =2.28 eV -1.51 eV =0.769 eV =^m e v 2 


Therefore, 


12(0.769 eV)(l.60xl0r 19 J/eV) 


9.11x 1(T 31 kg 


=5.20x 10 5 m/ s 


= 520 km/s 


(a) From the Bohr theory, we find the speed of the electron: 
, * n h 


m e r 

The period of its orbital motion is T = 


2 nr 2 nrms 
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P42.21 


Substituting the orbital radius r =- T ,wefind 

m.k.e 2 


T = 


2nm p n 4 h 4 2nh 3 


nhm 2 k 2 e 4 m e k 2 e 4 

Thus we have the periods determi ned i n terms of the ground- 
state period 

„ 2jth 3 


m.k 2 e 4 


2^(1.054 6x 1CT 34 J ■ s) 3 

(9.11x 10 31 kg)(8.99x 10 9 N ■ m 2 / C 2 ) 2 (1.602x 10 19 C) 4 


=1.52x 1(T 16 s =152x 1(T 18 s = | 152 as| 

(b) I n the n =2 state, the period is 

T =t 0 n 3 =t 0 (2f =8^ =1.22x Id 15 s 
The number of orbits completed in the excited state is 


N 


10 x 1CT 6 s 10 x 1(T 6 s 


1 .22xlCr 15 s 


= |8.23x 10 9 revolutions! 


(c) [ Its lifetime in electron years is comparableto the lifetime of the) 


Sun in Earth years, so wecan think of it asa longtime.) 


(a) The energy I evel s of a hyd rogen-l i ke i on 
whose charge number isZ are given by 

E n =(-13.6 eV)^ 
n 

Thus for helium (Z =2), the energy levels 
are 


n =1, 2, 3, . 


-2.18 eV 
-3.40 eV 


The enegy level diagram for helium is 
shown in ANS. FIG. P42.21. 


ANS. FIG. P42.21 


(b) For He + ,Z =2, so we see that the ionization energy (the energy 
regu i red to take the el ectron from the n = 1 to the n = °° state) i s 

E=E-E 1 =0- ( - 13 ^ )(2)2 =^4^ 

(l ) 2 - 
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Section 42.4 The Quantum Model of the Hydrogen Atom 

P42.22 The reduced mass of positronium isless than hydrogen, so the photon 
energy will be less for positronium than for hydrogen. This means that 
the wavelength of the emitted photon will belonger than 656.3 nm. On 
the other hand, helium has about the same reduced mass but more 
charge than hydrogen, so its transition energy will be larger, 
corresponding to a wavelength shorter than 656.3 nm. 

All thefactors in the given equation are constant for this problem 
except for the reduced mass and the nuclear charge. Therefore, the 
wavelength corresponding to the energy difference for the transition 
can be found simply from the ratio of mass and charge variables. 

For hydrogen, n = —--~ m e . The photon energy is A E =E 3 -E 2 . 

m p + m e 

c he 

Its wavelength is A = 656.3 nm, where A =— =—. 


, . r .. . m e m. m e 

(a) For positronium, ju=— e —^~—® f 

m e +m e 2 

so the energy of each level is one half as large as in hydrogen. The 
photon energy is inversely proportional to its wavelength, so for 
positronium, 

A 32 =2(656.3 nm) = | 1.31 jum| (in the infrared region) 

(b) For He + , n^m e ,q 1 =e, and q 2 =2e, so thetransition energy is 
2 s =4 times larger than hydrogen. Then, 

A 32 nm = 164 nm] (in the ultraviolet region) 


P42.23 (a) For this problem, refer to the equation from Problem 22, with 

q 1 =q 2 =e. For a particular transition fromn, ton f , 


Mjj^f 1 

2 n 2 [n f 2 


he 

A h 


and AE d 


_ 1 1 ' 

he 

2 h 2 [n f 2 

~v 


where ju H 


m e m P , m e m D 

■■—and ju D =—. 
m e +m p m e +m D 
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P42.24 



_ (1.007 276 u) (0.000 549 u + 2.013 553 u) 

“ (0.000 549 u + 1.007 276 u)(2.013 553 u) 

= 0.999 728 

A h -A d =(l- 0.999 728)(656.3 nm) = |0.179 nm| 


(a) The uncertainty principle is represented by A xAp> 


Thus, if A x=r, 



(b) 


The minimum uncertainty would be attained only if the wave 
function had a particular (gaussian) waveform. We assume that 
the momentu m u ncertai nty i s just tw i ce as I arge as its mi ni mu m 

h 

possible value: Ap = -. Then the kinetic energy is 



2m e 


h 2 

2m/ 2 


k e ? 

(c) The electric potential energy is U =—so the total energy is 
E =K +U ~\- 


n 2 

_k e e 2 

2 m/ 2 

r 


(d) To minimized as a function of r, we require 
, /ce 2 


£- - ^+^=0 - r =1 

dr mjr r 


m p k p e 2 


(the Bohr radius) 


(e) Then the energy is 
E 




m p k 2 e 4 
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Substituting numerical values, 

m e k 2 e 4 m e k 2 e 4 


2 r 2/r 

(9.109X 1(T 31 kg)(8.988x 10 9 N ■ m 2 / C 2 ) 2 (l.602x lCT 19 c)' 


=-2.179 x 1CT 18 J 


2(6.626x lCT 34 J • s/2tt) 2 
leV 


1.602xl0r 19 J 


= -13.6 eV 


(f) With our particuIar choicefor the m omentum uncertainty as 
double its minimum possible value, [wefind our results are in| 
[agreement with the Bohr theory,| 


Section 42.5 The Wave Functions for Hydrogen 

P42.25 i^ ls (r) = J— e r/a ° is the ground state hydrogen wave function. 


4f" 2 

Pjr) =—e 2r,a ° isthe ground state radial probability distribution 

^0 

function. The plots are shown in ANS. FIG. P42.25. 


V'ls (x 10 15 m _3/2 ) 

1.5 -i 

l.o - \ 

0.5 - 

r 

0 0.5 1 1.5 


P ls (X 10 10 m ') 



ANS. FIG. P42.25 
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P42.26 


P42.27 


(a) Wefirstfind thefirstand second derivatives of the wave 
function: 




2 d// _2 _ 

r dr r[^ 


2 

- y/ 


and 


d 2 y/ 


1 =± ¥ 


* 2 M * 

n into theSchrod 
n yields 

l^}-^ =Ev 


Su bsti tuti on i nto the Sch rod i nger equati on to test the val i d i ty of 
the solution yields 


2m, 


But, from Equation 42.11, a 0 = 


_h 2 [4ne Q ) 


2m, 


_Jr 

2m p a; 


( a o ra oJ^ 

1 J 1 

^ [m/a 0 


4^e n r 


mke 2 m p e 2 


¥ = E ¥ 


, thus 


h 2 1 1 1 


4^e 0 r 

H K e2 e 2 


/<r 47 t e 0 H 4tt e 0 r 


y/ | =Ey/ 

¥ = E ¥ 


n 2 i _ 

-- 2 VA = E ¥ 

2m e a 2Y 

h 2 1 

The Schrodinger equation is satisfied if E = - 7 . 

2m, al 


(b) Su bsti tuti ng a 0 =- 7 for one factor of a 0 , we fi nd that 

m.k.e 2 


E =-- 


1 _ X 1 XV _l 


2m, a„ a 0 X 

The wave function given is 

3- r / 2 ^) 


/ce 2 


¥ = 
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so, by Equation 42.24, 


P r =4nr \ 


=%r 2 -^ J e r, » 

24ag 


Setting 


dP _ An 
dr 244 


4r 3 e r,a ° +r 4 



= 0 , 


we obtain 



Solving for r, this is a maximum at |r =4^| . 

P42.28 (a) j\y/\ 2 dV =4n°j\ii/\ 2 r 2 dr =4n\ r 2 e 2r/a °dr. Using integral 

tables, 

so the wave function as given is normalized. 

3^/2 ( 1 W 2 

(b) P^,2^i2=4n J \v\ r 2 dr =4n\ —3 J r 2 e~ 2rl *dr . Again, using 

3 j /2 \ Ka o)a 0 R 

integral tables, 



P42.29 The hydrogen ground-state radial probability density is, from 
Equation 42.25, 

P is ( r ) =4nr 2 \ii/ ls \ 2 =^-exp^-^j 
The number of observations at 2a 0 is, by proportion, 

N =(1 =<1 00 ° ) ^i^ =<1 mi6)e3 

= 1797 times] 
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Section 42.6 Physical Interpretation of the Quantum Numbers 


P42.30 (a) 

n 

In the 3d subshell, n 

3 3 3 

= 3 and l =2, we have 

3 3 3 3 

3 

3 

3 

i 

2 

2 

2 

2 

2 2 

2 

2 

2 

2 

m f 

+2 

+2 

+1 

+1 

0 0 

-1 

-1 

-2 

-2 

m s 

+1/2 

-1/2 

+1/2 

-1/2 

+1/2 -1/2 

+1/2 

-1/2 

+1/ 2 -1/ 2 


(a total of 10 states.) 

(b) In the 3p subshell, n =3 and l =1, we have 


n 

3 

3 

3 

3 

3 

3 

i 

1 

1 

1 

1 

1 

1 

m e 

+1 

+1 

0 

0 

-1 

-1 

m s 

+1/2 

-1/2 

+1/2 

-1/2 

+1/ 2 

-3/2 


(a total of 6 states.) 

*P42.3l From Equation 42.27, L = y/£(t+ l)h (suppressing units): 
4.714x 1 (T 34 = +1) [ 6 - 62 ^_ 1Qr34 j 


P42.32 


(4.714xlQr*)W 
( } (6.626x 1CT 34 ) 2 


= 1.998xltf-20= 4(4+1) 


so | i =4 | . 

(a) For a 3d state, n =3 and t =2. Therefore, 

L - = [V^l = 2.58xId 34 J • s 

(b) m f can have the values -2, -1, 0,1, and 2, 

so |L Z can havethevalues - 2h, -h, 0, h and 2h\ . 
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(c) Using the relation cos 0 =^, we find the possible values of 0 : 
[l45°r 114°, 90.0°, 65.9°, and 35.3°] 

P42.33 From Equation 42.27, L = ^£(£+1)h ■ 

(a) For the d state, i =2, and L = |V6fi =2.58x 1 CT 34 J ■ s| . 

(b) For the f state, £ =3, and L =yfUh = |2V3ft =3.65x10 34 J s| . 

P42.34 (a) Forn =1, we have i =0, m f =0, m s =±j- 



Note that the number is twice the number of m f values. Also, for 
each i there are (2^ +l) different m ( values. Finally, I can takeon 
val ues rangi ng from 0 to n - 1. 
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So the general expression is number = £2(2/ +1). 

e =o 

The series isan arithmetic progression like 2+ 6 + 10+ 14. 

n-l n -1 I" n 2 _ nl 

The sum is X + X 2 = 4 —-— + 2n = 2n 2 . 

(c) n =3: 2(1) +2(3) +2(5) =2+6+10=18 or 2n 2 =2(3 ) 2 =@ 

(d) n =4: 2(1)+2(3)+2(5)+2(7) =32 or 2n 2 =2(4 ) 2 =[32] 

(e) n =5: 32 + 2(9) =32 +18 = 50 or 2n 2 =2(5 ) 2 =@ 


P42.35 I n the N shell, n =4. For n = 4, l can take on values of 0,1, 2, and 3. For 
each value of i , m, can be -i to i in integral steps. Thus, the 
maximum value for m e is3. Since L z =m e h, the maximum value for L z 

is l z =m. 


P42.36 (a) M odeling it as a solid sphere, the density of a proton is, 

1.67 x 1CT 27 kg 


9 V (4/3)tt(i.00x 1CT 15 m ) 3 


= 3.99x 10 17 kg/ m 3 


(b) Theradiusof an electron modelled asasolid sphereis, 



3(9.11xl(T 31 kg) ]' 

{4kp) 

4^(3.99x 10 17 kg/ m 3 ) 

=8.17x1 (T 17 

m =81.7 x 10 18 m =[8l7 


(c) The moment of inertia of thespinning electron is 
/ =|mr 2 =|(9.11xia 31 kg)(8.17xl(r 17 m ) 2 
=2.43 x HT 63 kg-m 2 


L z 



tv 

r 


Therefore, 

_hr _(6.626x Id 34 J ■ s)(ai7x 1 (T 17 m) 
V ~2J 2n(2x 2.43x 10 63 kg m 2 ) 

=1.77 x 10 n m/ s =|l.77Tm/s] 


(d) It is 5.91 x lCfc, which is huge compared with the speed of light 
and impossible. 
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P42.37 The 5th excited state has n =6, energy E 6 


_-13.6eV 

( 6) 2 


-0.378 eV. 


The atom loses this much energy: 

E _hc _(6.626x 1CT 34 J s)(3.00x ltf ml s) 

A (l090x 1 a 9 m)(l.60x 1CT 19 J/eV) ' 6 

to end up with energy -0.378 eV - 1.14 eV =-1.52 eV 
13.6 eV 


which istheenergy in state3: 


-1.51 eV 


While n =3, i can be as large as 2, giving angular momentum 


L = ^£{£+l)fi = |V@ = 2.58xlQr 34 J-s| 

The energy of the photon i s 

_ 1 240 eV ■ nm 

= -= 14.1 eV 

* 88.0 eV 

The maximum energy of the ejected photoelectron from the aluminum 
surface is 

K max =£* - 0 = 14.1 eV - 4.08 eV = 10.0 eV 


where the work function <pfor aluminum isfound from Table 40.1. 
This electron energy is not enough to excite the hydrogen atom from 
its ground state to even the first exited state. 

P42.39 The 3d subshell hasn =3 and i =2. Also, we haves =1. Altogether 
wecan haven =3, 1=2, m t =- 2, -1, 0,1, 2, s =1, and m s =-l, 0,1, 

I ead i ng to the fol I owi ng tabl e: 


n 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

l 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

m, 

-2 

-2 

-2 

-1 

-1 

-1 

0 

0 

0 

1 

1 

1 

2 

2 

2 

s 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

m s 

-1 

0 

1 

-1 

0 

1 

-1 

0 

1 

-1 

0 

1 

-1 

0 

1 
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Section 42.7 The Exclusion Principle and the Periodic Table 

P42.40 (a) [rhe4ssubshell| , for potassium and calcium, before the 3d subshell 

starts to fi 11 for scand i um through zi nc. 


(b) 


We would expect [Ar]3cf 4s 2 to have lower energy, but 
[Ar]3cf4s 1 has more unpaired spins and lower energy 
accord i ng to H u nd's ru I e. 


(c) It istheground-stateconfiguration of chromiurrj . 
P42.41 (a) | ls 2 2s 2 2p 4 | 

(b) For the Is electrons, 


n = 1 , t = 0 , m, = 0 , m. 


- and 


1 

2 


For the two 2s electrons, 


n = 2 , t = 0 , m t = 0 , m s =-E and 
For the four 2p electrons, 

n = 2 , i = 1 , m, =-l, 0 , 1 , and m s =+^ and 

P42.42 Electronic configuration: sodium to argon 

Orbitals Is, 2s, and 2p are filled (and not shown). 



3s 



4s 


Na 11 

ED 

□ 

□ 

□ 

[is 2 2s 2 2p 6 ]3s 1 

Mg 12 HQ 

□ 

□ 

□ 

[ls 2 2s 2 2p 6 ]3s 2 

Al 13 

HE 

□ 

□ 

□ 

[ls 2 2s 2 2p 6 ]3s 2 3p 1 

Si 14 

HE 

E 

□ 

□ 

[ls 2 2s 2 2p 6 ]3s 2 3p 2 

P 15 

HE 

E 

E 

□ 

[ls 2 2s 2 2p 6 ]3s 2 3p 3 

s 16 

HH 

E 

E 

□ 

[ls 2 2s 2 2p 6 ]3s 2 3p 4 

Cl 17 

Hi 

H 

E 

□ 

[ls 2 2s 2 2p 6 ]3s 2 3p 5 

Ar 18 

Hi 

H 

H 

□ 

[ls 2 2s 2 2p 6 ]3s 2 3p 6 

K 19 

Hi 

H 

H 

E 

[ Is 2 2s 2 2p 6 3s 2 3p 6 ] 4s 1 
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P42.43 In the table of electronic configurations in the text, or on a periodic 
table, we look for the element whose last electron is in a 3p state and 
which has three electrons outside a closed shell. Its electron 
configuration then ends in 3s 2 3p\ The element is laluminuim] . 

P42.44 (a) N ote that the possi bl e val ues for t range from zero to n - 1. 


n+£ 

1 

2 

3 

4 

5 

6 

7 

subshell 

Is 

2 s 

2p,3s 

3p, 4s 

3d, Ap, 5s 

4d, 5p,6s 

4f, 5d, 6p, 7s 


The order i s |ls, 2s, 2p, 3s, 3jp, 4s, 3d, Ap, 5s, Ad, 5p, 6s, 4f, 5cf, 6p, 7s| . 


P42.45 (a) For electron one and also for electron two, n =3 and i =1; 

possible val ues are m t =1, 0, -land m s = V 2 ,-V 2. The exclusion 
pri nci pie requires that the electrons cannot have identical sets of 
quantum numbers. The possible states are listed herein columns 
giving the other quantum numbers: 


electron 

m, 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

0 

0 

0 

0 

0 


m s 

i 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

one 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

electron 

m, 

1 

0 

0 

-1 

-1 

1 

0 

0 

-1 

-1 

1 

1 

0 

-1 

-1 

two 

m s 

1 

2 

1 

2 

1 

2 

1 

2 

1 

2 

1 

2 

1 

2 

1 

2 

1 

2 

1 

2 

1 

2 

1 

2 

1 

2 

1 

2 

1 

2 


electron 

m, 

0 

0 

0 

0 

0 

-1 

-1 

-1 

1 -1 

1 -1 

-1 

-1 

-1 

-1 -1 


m s 

i 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 1 

one 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 2 

electron 

m , 

1 

1 

0 

-1 

-1 

1 

1 

0 

0 -1 

1 

1 

0 

0 -1 

two 

m s 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 1 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 2 


©2014Cengage Learning. All Rights Reserved. M ay not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 













Chapter 42 1025 


P42.46 


P42.47 


There are 6x 5 =[30| allowed states, si nee electron one can have 
any of three possible values for m, for both spin up and spin 
down, amounting to six states, and the second electron can have 
any of the other five states. 

(b) Were it not for the exclusion principle, there would be 6x6=[36| 
possible states, six for each electron independently. 

L i sti ng su bshel I s i n the order of f i 11 i ng, we have for el ement 110, 

Is 2 2s 2 2 p 6 3s 2 3p 6 4s 2 3d 10 4p 6 5s 2 4d° 5p 6 6s 2 4 f 14 5d 10 6p 6 7s 2 5f 14 6cf 
In order of increasing principal quantum number, this is 
| Is 2 2s 2 2p 6 3s 2 3p 6 3c/ 10 4s 2 4p 6 4d° 4 f 14 5s 2 5p 6 5c/ 10 5 f 14 6s 2 6p 6 fo/ 3 7s 2 | 

Intheground state of sodium, the outermost electron isin ansstate. 
This state is spherically symmetric, so it generates no magnetic field by 
orbital motion, and has the same energy no matter whether the 
electron is spin-up or spin-down. The energies of the states 3pT and 

3 pi above 3s are hf 1 =^ C and hf 2 =^. 

A A 2 

The energy difference is 

so 


he ( 1 


^Pb V ^1 ^2 

_(6.626x Id 34 J ■ s)(3.00x 10 8 m/s) 
" 2(9.27xlCT 24 J/T) 


( 1 

1 ) 

' 588.995x 1CT 9 m 

589.592xl(T 9 ml 


= ^n 
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Section 42.8 More on Atomic Spectra: Visible and X-Ray 
*P42.48 Some electrons can give all their kinetic energy K e =eW to the 
creation of a single photon of x-radiation, with 

he 

hf =— =e\V 

A 

he _ (6.626 lx 1CT 34 J s)(2.997 9x10^ m/s) 

“eM/ (1.602 2x 1CT 19 C)a\/ 

1 240 nm ■ V 
AV 

P42.49 A photon of maximum energy or minimum wavelength is produced 
when the electron gives up all of its kinetic energy in a singlecollision 
within the target. Thus, 

E max =— -KE =eW 

A m j n 


For a minimum wavelength of A min =70.0 pm =70.0x 1CT 12 m, the 
required accelerating voltage is 

_ he _(6.626x HT 34 J ■ s)(3.00x 10 8 m/ s) 

A (l.60xl0r 19 C)(70.0xl0r 12 m) 

=1.77x 10 4 V = | 17.7 kV | 

P42.50 The shortest wavelength is produced when the electron gives up all of 
its kinetic energy as a photon in a single colli si on within the target. For 
an accelerating voltage of 40.0 keV, the ki netic energy of the electrons is 

KE =€AV =e(40.0 kV) =40.0 keV 


P42.51 


For the shortest wavelength produced, 
E =—— =KE =eW 

^min 


and 


A m j r 


he _ 1 240 eV - nm 
eW “(40.0xl0 3 eV) 


= | 0.031 Onm 


(a) Forbismuth,Z =83. Following Example42.5, the electron in the 
M shell (n =3) is shielded from the nuclear charge by one electron 
in theL shell (n =1) and eight electrons in the K shell (n =2). Its 
energy is 




13.6 e*t/ 
(3) 2 


-13.6 eV 


(74) 2 

(3) 2 
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The electrons in the L shell (n =2) are shielded from the nuclear 
charge by one el ectron i n the K shel I, so (from page 1324) 


e l ~-(z- D : 


13.6 eV 

(2f 


,(82) 2 
(2 ) 2 


When the electron drops from the M to the L shel I of the atom, it 
emits a photon of energy 


n =E M -E L ~ 13.6 eV 


(74) 2 (82) 2 ~ 
(3) 2 (2) 2 . 


= 1.46x 10 4 eV -115 keV 


(b) The wavelength of the emitted x-ray is given by 
_ 1.240 keV ■ nm _ 1.240 keV ■ nm 
H J§keV 

- 0.083 nm = 8.3xlQ- u m| 


P42.52 (a) For the 3p state, E n = 


-13.6 eV Zlf 


becomes 


-3.0 eV 


-13.6 eVZ^ 
3 2 


SO Z„=M 


For the 3d state 


P42.53 


-1.5 eV 


-13.6 eV Z\f 
3 2 


so 


z«=m 


(b) When the outermost electron in sodium is promoted from the 3s 
state into a 3p state, its wave function still overlaps somewhat 
with the ten electrons below it. It therefore sees the+lle nuclear 
charge not ful ly screened, and on the average moves i n an el ectri c 
field I ike that created by a particle with charge +lle- 9.6e = 1.4e. 
W hen th i s val ence el ectron i s I i fted farther to a 3d state, i t i s 
essentially entirely outside the cloud often electrons below it, and 
moves i n the fi el d of a net charge +lle - lOe = le. 

(a) Recall £<n- 1. Forn =3, t =0,1, 2. |lf t =2, then m, =2,1, 0, -1,| 
|—2; if t =1, then m f =1, 0, -1; if n =Q, then m t =0| . 

(b) The H e + ion is a one-electron atom, so al I states are have the same 
energy, determined by the principal quantum number n: 
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*P42.54 


TheK series includes transitions from 
higher levels down to the K shell (n =1). 
Transitions from higher n produce 
photons of higher energy. The ionization 
energy for the K shel I is 69.5 keV, so the 
energy of the K shel I is -69.5 keV. 


N shell 
M shell 
L shell 

K shell 


_ -2.47 keV 
-10.2keV 


ANS. FIG. P42.54 


The photon energies are 


he _ 1 240 eV ■ nm _ 1.240 keV ■ nm 

A A A 


A (nm) 

photon 

energy 

(keV) 

transition 

energy of level (keV) 

level 

A, =0.018 5 

67.03 

n =4—> 1 

-69.5 + 67.03 =-2.47 

N 

A 2 =0.020 9 

59.3 

n =3—> 1 

-69.5+59.3 =-10.2 

M 

A 3 =0.021 5 

57.7 

n =2—> 1 

-69.5 + 57.7 =-11.8 

L 


The ionization energy for the K shell is 69.5 keV, so the ionization 
energies for the other shel Is are: 


L shell =11.8 kd\7] |M shell =10.2"k^71 |N shell =2Alk^J\ 


P42.55 Following the reasoning of Example42.5, when theelectron is in the K 
shell (n =1), from Equation 42.37, its energy is 

E k = -Z 2 (l3.6eV) 


When theelectron was in the L shell (n =2), the nuclear charge is 
shielded by one electron intheK shell, so (from page 1324) 


E^AZ-lf 


13.6 eV 
2 2 


When theelectron d rops from the L to the K shell of the atom, it emits 
a photon of energy (forZ =42) 

= =(13.6d/|-^ + (42) 2 J= 1.83x10* eV 
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P42.56 


P42.57 


with wavelength 



^photon 


1 240 eV ■ nm 
1.83x 10 4 eV 


=6.79x IQ 2 nm = | 0.068 nm| 


(a) All of the ki neti c energy of an el ectron after its accelerati on 
through a potential difference AV goes into producing a single 
photon: 


E=*=*V AV= hc = 1240W.nm 

A el ^A 


1240 V-nm 

A 


(b) 

(c) 


(d) 


(e) 

(f) 


The potential difference is inversely proportional to the) 
wavelength] 

Yes. It predicts a minimum wavelength of 33.5 pm when the 
accelerating voltage is 37 keV, in agreement with the minimum 
wavelength in the figure. 

Yes, but it might beunlikely for a very high energy electron to 
stop in a single interaction to produce a high-energy gamma ray, 
and it might bedifficultto observethe very low intensity radio 
waves produced as bremsstrahlung by low-energy electrons. 

The potential difference goes to infinity as the wavelength goes 
to zero. 

The potenti al d ifference goes to zero as the wavel ength goes to 
infinity. 


The concepts for this problem are discussed in Example 42.5. An 
electron makes a transition from the M to the K shell. From Equation 
42.37, when the electron is in the K shell, its energy is 

E k ~-Z 2 (l3.6eV) 


When the electron wasin theM shell, because nine electrons shield the 
nuclear charge— one in the L shell (n =1) and eight in the K shell 
(n =2)—its energy is 


Em 


= -(Z-9) 2 


13.6 eV 

(b ) 2 
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Thus, as the electron drops from the M to the K shell, it emits a photon 
of energy 

=E»-Ek =(13.6€W j-2^+Z 2 j 

= (1 , 6 ^)[^™) +Z2 ] 

= (13.6ey)(Jz 2 + 2Z-9) = ^ 


Therefore, we have the relation 


(13.6eW)(Jz 2 + 2Z-9) = -£ 


-Z 2 + 2Z-9=-—- 

9 (13.6 eV) A 

-Z 2 + 2Z-911.7=0 
9 


(1 240eV - nm) 
(13.6 eV )(0.101 nm) 


Solving forZ gives 

-(2)± y<2) 2 - 4{^/9)(-911.7) 
2 (^ 9 ) 

1± 23.5 

(^ 9 ) 


The positive solution is physical: 


Z = 


-1+ 28.5 

(^9) 


= 30.9 


-l±Vl+(Sj/9)(911.7) 

(8/9) 


The nearest whole number for Z is 31, which corresponds to the 
element |gallium| . 
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Section 42.9 Spontaneous and Stimulated Transitions 

Section 42.10 Lasers 

P42.58 Theelectron intheE 3 *statedropstotheE 2 state,emittingaphotonof 
energy hf. The process conserves energy: 

E 3 * =E 2 +hf hf =E 3 * - E 2 

The photon's energy is 

hf =E 3 * - E 2 =(20.66-18.70) eV =1.96 eV =y 


and its wavelength is 

, _hc _1 240 eV ■ nm 
~E~ 1.96 eV 

(a) We use Equation 42.5, E =hf =0.117 eV, and solve for f: 


= | 633 nm| 


,. E . 


y 


0.117 eV f 1.60 x 10" 19 J 


eV 


h 6.626x lOr 34 
=2.83x 10 13 s' 1 =28.3x 10 12 s 1 =|28.3THz| 

(b) The wavelength of the laser is 

. c 3.00 x 10 8 m/ s | ,a - 

1 =7= 2.83x1^- 


P42.60 


(c) This is in the [infrared] portion of the electromagnetic spectrum, 
(a) We fi nd the energy from 
he 

A E “ E 4*^ E 2 =y 
Then, 


=20.66 eV 

(6.626x lOr 34 J ■ s)(3.00x Iff m/ s)f l eV ] 

543 x 1(T 9 m [l^xlCT 19 ! J 

= | 18.37 eV | 

(b) The light in the cavity is incident perpendicularly on the mirrors. 
Some of the I ight ref I ects off the front surface of the si I i con 
dioxide layer whilesome enters the layer and then reflects off the 
titanium oxide layer on its other side. The index of refraction of 
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titanium oxide (19-2.6) is greater the index of refraction of silicon 
dioxide (1.458), so there is automatically a 180° shift of the ray 
reflecting off the si I icon dioxide. To minimize reflection at a 
vacuum wavelength of 632.8 nm, the net phase difference 
between reflected rays should be 180°, so the extra distance 
traveled by the ray passing into the si I icon dioxide should be one 
whole wavelength: 



632.8 nm 
2(1.458) 


= [217 nm 


(c) For the green light to experience constructive interference, the net 
phase difference should be 360°, including contributions of 180° 
by reflection and 180° by extra distance traveled: 


2 1 =— 
2 n 


543 nm 


An 4(1.458) 


= |93.1 nm 


P42.61 The energy i n each pu I se i s 

E =PAt =(l.00x 10P w)(l.00x 10' 8 s) =1.00x ia 2 J 


The energy of each photon is 

_hc _(6.626x 10 34 J ■ s)(3.00x 10 8 ntf s) 


E, =hf = 


694.3x 1CT 9 m 


=2.86x 10 19 J 

So the number of photons in the pulse is 
_ E _ l.OOx Id 2 J 


N -- 


E y 2.86 x 10 19 J/ photon 
(a) Theequilibrium ratio is 

A/ 4 * N n e E3,kBT 


^^xlO 16 photons) 


/V 3 


N e E2,kBT " 


-(E 3 -E 2 )/I<bT _ -AE/kaT 


where the temperature! =27.0 °C +273.15 = 300.2 K, and the 
energy difference (from Figure P42.60) is 

A E =E* - E 3 =20.66 eV -18.70 eV =1.96 eV 
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P42.63 


Substituting numerical values, 

/V 4 * _ e -A E/kgT _ e -(l.96d/)(l.602xl(r 19 J/d/)/(l.381xl(r 23 J/K)(300.2K) 

N, 


=| 1.26x 1CT 33 


N * 

(b) Now, we require — y- =e &E/keT =1.02 

where A E =E 4 * - E 3 =1.96 eV 

Thus, 

(1.96 eV)(1.602 xl(T 19 J/ev) 


In (1.02) = 


(l.381x 1CT 23 J/K )T 
T = |-1.15x 10 6 k| 

(c) iTfrepopulation inversion requi res the temperature be negative 
Because A E=E^-E 3 > 0, and in any real equilibrium state! >0, 
the ratio /V 4 *//V 3 = e &E/l<BT < l.Thus, a population inversion 
cannot happen in thermal equilibrium. 

(a) The energy of the pu I se i s spread over the area of a ci rcl e of 
radiusR =15.0 ji/m: 

t = P_ _ AE/At _ 3.00xlQr 3 J/l.QQxlQr 9 s 
A 


nR 2 


[tt(15.0x10t 6 


= |4.24xltf 5 W/m 2 | 

(b) The absorbed energy falls within the area of a circle of radius 
r =0.300 nm: 

ae=,am= ®W = a£ (£ 


=(3.oox icr 3 j) 


(0.300x 10r 9 m) : 


(l5.0xl0r 6 m) 2 


= 1.20x 1CT 12 
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*P42.64 


(a) 


The distance between nodes is so we require solutions to 
N 

35.124 103 cm =—A, where/V is an integer and A is in the 

requ i red range. The mi d poi nt of the range i s 632.80910 nm, 
giving 


A/trial 


2(35.124 103xl0“ 2 m) 
632.809 lx 10 9 m 


=1110 101.07 


So we try N = 1110101,1110102,1110100,1110103, and so on: 


_ 2(35.124 103 xHT 2 m) 
1 1110 101 

_2(35.124 103x 1(T 2 m) 
2 1110 102 

_ 2(35.124 103x 1CT 2 m) 
3 % 


=| 632.809 14 nm | 
=| 632.808 57 nm 
= | 632.809 71 rim~| 


2(35.124 103x10 2 m) 

= 1110103 = 


: 632.808 00 nm 


outsidethe range. Thus the laser light hasjust | three | 
wavelength components. 

(b) The rms speed i s obtai ned from ^ m 0 v 2 =| kT . We use the 
periodic table for the mass of a neon atom. Then, 

_ [W _ |3(l.38xl0r 23 J/K)(393 K)r lu ^ 

V V m 0 \ 20.18 u [ 1.66x 1(T 27 kg J 

= | 697 m/s | 

(c) For a neon atom movi ng toward one mi rror at the rms speed as it 
emits, the Doppler shift is described by 


f' = 



j: 

A 7 


c l c+ V 
A\c~v 


r = x. 


= (632.809 lnm). 


I 3x10 8 -697 
1 3x 10 8 + 697 


= 632.807 63 nm 


This is outsidethe given range. Many atoms are moving faster 
than the rms speed, so we should expect still more Doppler 
broadening of the resonance amplification peak. 
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Additional Problems 

P42.65 To ionize the atom, it is necessary that 00 .Therequired energy is 

then 


A E =E f -E j =-13.6 eV 

_ 13.6 eV 
n 2 


_1 __1 
n 2 f nf 


=-13.6 eV 


(a) If n, = 1, the requi red energy is 
ir . 13.6 eV 


= | 13.6 eV | 


(b) If n, =3, 


a£= 13 |^=eh^ 

P42.66 The sliver atoms (Z =108) moveas particles initially traveling inthex 
direction at speed u with constant acceleration in thez direction: 


Az=ia(At) 2 (At) 2 =■ 


2 m c 


_p z (dB z /dz)( Ax 


2m 0 


v) 


where p z =-—, so 
2 m 0 


! [AxYdB z 
u ) dz 


Therefore, 

dB z _4m ( /n e Azv 2 
dz eh Ax 2 

_4[(l08)(l.66xia 27 kg)](9.11x 1CT 31 kg)(ia 3 m)(l00m/s) 2 
(l.60x 1(T 19 c)(l.05x lOr 34 J • s)(l.00 m) 2 
HR 

-y 1 - =10.389T/ ml 

dz ' - 1 

P42.67 The wave function for the 2s state is given by Equation 42.26: 

^ 2 r 


¥2s(r)=^=[-) [ 2 -- 
25 4^UJ L % 


- e 

3)J 
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P42.68 


P42.69 


P42.70 


(a) Taking r =a^ =0.529x 1CT 10 m, we find 


^ )= 472i 


V /2 r . 


0.529 x lCT 10 m ) 


[2- l]e y 


= 1.57 xlO 14 rrf 3/2 


(b) fcshf =(l.57x 10 14 rrr^ 2 ) 2 = |2.47xl0 28 nr 3 ! 

(c) Using Equation 42.24and the result of part (b) gives 

P 2s (^) =4^^|vr 2s (^)| 2 = |8.69x 10 8 mj 


(a) The energy difference between these two states is equal to the 
energy that is absorbed. Thus, 

ae = e 2 - El _£**#) .002 # 


=| 1.63x lQr 18 J | 


3 2E 2(l.63xl0r 18 j) ,-— n 

(b) E =2 k ° T ° r r= ^- 3(l.38x 


To eval uate the energy difference, we i magi ne the z component of the 
electron's magnetic moment as continuously variable. In turning it 
f rom al i gn ment w i th the f i el d to the opposi te d i recti on, the f i el d d oes 
work according to Equation 10.22, 

W = J dW = J o 18 °° t d9 = J^Ssinfl dB = -^Bcosflj* = 2fiB 

To make the electron fl i p, the photon must carry energy 
AE =2/. i b B =hf. Therefore, 

_ MB _ 2 ( 9 . 27 x 10- 24 J/T) ( 0.350T) 
h 6.626x 10 " 34 J ■ s 

=9.79x 10 9 Hz = |9.79GHz| 

We suppose that the electron that makes the transition isshielded from 
the electric field of the full nuclear charge by the one K-shell electron 
originally below it. WithZ =24, its original energy is 

E =-(Z - 1) 2 (13.6 eV)^j =-1.80 keV 
Its final energy is E =-Z 2 ( 13.6 eV)(^j =-7.83 keY. 
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The magnitude of the electron's energy loss is 
7.83 keV - 1.80 keV =6.04 keV 

Then, instead of coming out as an x-ray photon, this +6.04 keV can be 
transferred to the single 4s electron. Suppose that it is shielded by the 
22 electrons in the K, L, and M shells. To break the outermost electron 
out of the atom, producing a Cr 2+ ion, requires an energy investment of 

E _ (Z - 22) 2 (13.6 eV) _ 2 2 (13.6 eV) _ 31QcV 

ionize 4 2 16 

Then the remaining energy that can appear as kinetic energy is 
K =\AE\ - E ionize =6 035 eV - 3.4 eV = 6.03 key | 

Because of conservation of momentum for the ion-electron system and 
the tiny mass of the electron compared to that of the Cr 2+ ion, almost 
all of this kinetic energy will belong to the electron. 

P42.71 From Figure42.20, atypical ionization energy is8eV. For internal 
energy to ionize most of the atoms we require 

1*47 =8 a/: 

_ 2x 8(l.60x 1CT 19 J) i-j---, 

7 = 3(l.38x lCT 3 j/K ) I ~ K and 1Cf K I 


P40.72 


From Equation 42.26, 



Differentiating gives 


=Ae rl2a ° 

dr 



Differentiating a second time gives, 

cPy/ _( Ae rl2a ° Y 3 r) 
dr 2 { 4 JU“4aJ 


Substituting into Schrodinger'sequation and dividing by Ae r/2a °, we 
will haveasolution if 


5 n 2 + k e e 2 + h 2 r + 2 h 2 2k e e 2 Er 

4m e al a 0 8m e al m e a j r a 0 
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Now with a 0 = 


h 2 

m e e 2 k e ' 


this reduces to 


m e e% 

8h 2 



Thisistrue, so y/ 2s isa solution to theSchrodinger equation, provided 

£=-£,=-3.40 eV. 

4 

*P42.73 The expectation value of V r is found from 


=)^ e ~ 2rla ° ~ dr =4 ]re (2/ * )r dr =- 
o r $0 


4 1 


_i 


We compare this to 4 = 4r =4“' and find that the average 
(r) 3^) 

reciprocal value is /NOT [ the reciprocal of the average value. 

P42.74 The fact that there are five values of the z component of orbital angular 
momentum tel Is us that there are five values of m n which, in turn, 
tells us that t =2. From Equation 42.28, wecan find the maximum 
value of m t : 


L z =m e n 


_L Z _ 3.16x HT 34 
n 1.055 x Id 34 


P42.75 


I n order to have a maximum value of m ( equal to 3, we need to have 
i =3, which is inconsistent with thefirst result. 


(a) The size of the quantum jump in the electron's energy is 

ac - enB Jl-GOx 1 ^ 19 c)(&626xKT 34 J-s)(5.26T) 

~~m~ e 2^(9.11x10 31 kg) 

=9.75x Iff 23 j =6.09x 1<X & = [609^ 

(b) The energy avail able from the walls of the container is 

k B T =(l.38x lCr 23 J/K)(80xl0r 3 k) =1.10x 10“ 24 J = |6.9/jeV| 


(c) The photon's frequency i s 


_A E_ 9.75xl0r 23 J 
h 6.626x 10 34 J ■ s 
= | 147 GHz | 


=1.47x 10 11 Hz =147x 10 9 Hz 
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P42.76 


(d) The photon's wavelength is 


A 


c_3.00xl0 8 m/s 
f 1.47 xlO 11 Hz 


=2.04x 10 3 m = | 2.04 mm] 


(a) Using the same procedure that was used in the Bohr model of the 
hydrogen atom, we apply N ewton's second law to the Earth. We 
simply replace the Coulomb force by the gravitational force 
exerted by the Sun on the Earth and fi nd 


G 


M s M e 

r 2 



[ 1 ] 


where v is the orbital speed of the Earth. Next, we apply the 
postulate that angular momentum of the Earth is quantized in 
multiples of n:' 

M E vr=nh (n= 1,2,3,...) 


Solving for (/gives 
_ nh 

Substituting [2] into [1], we find 

n 2 h 2 

r gm s m 2 e 


(b) Solving equation [3] for n gives 

n=VGM7^ 


[ 2 ] 

[3] 

[4] 


Taki ng M s = 1.99 x 10 30 kg, M E = 5.98 x 10 24 kg, r = 1.496 x 10 11 m, 
G =6.67x 1CT 11 N ■ m 2 /kg 2 , and h =1.055x 1CT 34 J s, wefind 


n = |2.53x 10 74 1 

(c) Wecan useequation [3]todeterminetheradii fortheorbits 
correspondi ng to the quantum numbers n and n +1: 


n h 


and 


r n+ 1 = 


(n+1) h 


, 2 fc2 


n GM S M 2 ■’ ' n+1 GM S M 2 

Hence, the separation between these two orbits is 

Ar= ?5^[< n+1 ) 2 - n2 ] = ffl(DwI< 2n+1 ) 
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P42.77 


P42.78 


Si nee n is very large, we can neglect the number 1 in the 
parentheses and express the separation as 


GMJW 


r(2 n) 


(1.054 6x 1CT 34 J ■ s) 2 

_ (6.67x 1CT 11 N ■ m 2 /kg 2 )(l.99x 10 30 kg)(5.98x 10 24 kg) 2 
x[2(2.53xl0 74 )] 

= | 1.18x 10 63 m 

(d) This number is much smaller than the radius of an atomic nucleus 
(~10r 15 m), so the distance between quantized orbits of the Earth 
i s too smal I to observe. 

The average squared separation distance is 

< r2 )=J„,sp 

= f" Ir 2 1 4xr 2 dr 

HaR J IaR J 

=^J ye*>*ct 

n l 

We use J 0 °y 1 e' 5K dx =-^- from Table B.6: 

(r‘ \=— 4! _9fe; _ . 

{ > 4(2 la,f 32 34 

The root-mean-square uncertai nty in r is 

A r=p 2 )-(r) 2 =U4~[^ 




M 


(a) From Equations42.22 - 42.25, 


3, = [0866^ 


P = J PJr’ldr’ = PP\r' 2 e 2l> ‘dr J 


f 2 r 2 2r 

— 5 — i-r 1 

e 2r/a ° 

l 4 3> J 
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(b) The graph is shown in AN S. FIG. P42.78. 


Probability Curve for Hydrogen 



r/a 0 

ANS. FIG. P42.78 

(c) The probability of finding the electron inside or outside the 
sphere of radius r is 

(^y- +— +lle" 2rM =- or z 2 +2z+2 =€ 

lag % J 2 

. 2 r 

where z=—. 
ab 

One can home in on a solution to this transcendental equation for 
r on a calculator, the result being r = |1.34^| to three digits. 

P42.79 (a) The energy emitted by the atom is 

AE=E 4 -E 2 =-13.6ev(A-T) =2 . 5 5<=V 


The wavelength of the photon produced is then 


A 


he _ he _ 1 240 eV ■ nm 
E y A E 2.55 nm 


= | 486 nm 


(b) 


Since momentum must be conserved, the photon and the atom go 
in opposite directions with equal magnitude momenta. Thus, 

P=m=—, or 

h 6.626x lOr 34 J • s 

^ m atom A (l.67x 1(T 27 kg)(4.86x 1 Or 7 m) 

= [0816 m/ s| 
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P42.80 


(a) The energy of the ground state is 

he 1 240 eV ■ nm 

Ei = 


^series limit 152.0 nm 

From the wavelength of the Lyman aline: 
he 1 240 nm ■ eV 


= 1-8.16 eV | 


e 2 -e i = 


=6.12 eV 


A, 202.6 nm 

E 2 =E 1 +6.12 eV = 1-2.04 eV | 

The wavelength of the Lyman/? line gives 

._ 1240 nm-eV ___ 

E 3 - E 1 = —— -=7.26 eV 

170.9 nm 

so f, =1-0.902 eVl. 


Next, using the Lyman /linegives 
1240 nm-eV = 7^5 eV 
4 1 162.1 nm 

and E. = 0.508 eV I. 


From the Lyman <51 i ne, 

1240 ^/ 33^ 

5 1 158.3 nm 

so E, =1-0.325 eVl. 


(b) For the Balmer series, 

he c c 1240nm eV 

j=E,-E 2 , orl= — 

For the a line, £, =E 3 and so 
, 1240 nm ■ eV 


-2.04 eV) 


= 1090 nm 


Similarly, the wavelengths of the^line, /line, and the short 
wavelength limit arefound to be: 1811 nm, 724 nm, and 609 nm| . 

(c) Using Equation 42.2, j =R H j^l--^-j, the Lyman series for 

hydrogen contains the lines: a(n =2) =122 nm, /3{n =3) =103 
nm, y(n =4) =97.2 nm, 8[n =5) =94.9 nm, the short wavelength 
limit(n->°o) =91.1 nm. 
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P42.81 


Computing 60.0% of the wavelengths of the spectral lines shown 
on the energy-level diagram gives: 

0.600(202.6 nm) =|122 nm| 

0.600(170.9 nm) = |103nm| 

0.600(162.1 nm) = |97.3 nm| 

0.600(158.3 nm) = |95.0nm| 

0.600(152.0 nm) = |91.2 nm| 

These are seen to be the wavelengths of the a, p, y, and <5 lines as 
well as the short wavelength limit for the Lyman seriesin 
Hydrogen. 

(d) The observed wavelengths could be the result of Doppler shift 
when the source moves away from the Earth. The required speed 
of the sou rce i s fou nd from 

4=A= ^=0.600 yielding v = 0.471c. 
f r v c+v 


The spectrum could be that of hydrogen, Doppler-shifted 
by motion away from us at speed 0.471c. 


We use Equation 42.26: 

(a) By Equation 42.24, 


P[r)=4nr 2 \ii/\ 2 = —^ | 


2 - — 


(b) The derivative of the radial probability is 

c/P(r) _ 1 
dr 84 


2r(2~- 

-2r 2 f — 

f 2 -') 

[ { %) 




-42-L 1 
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Si mpl ifyi ng the expression, 


dP{r) 


2r 2 

'2 r 2 

dr 

8 ai( A.J L 

3o 

v a* 




(c) Its extremes are given by 

f 

The roots of — =0 atlr =0, r =2a 0 , and r =oo| are minima with 

dr 1 - 1 

P(r) =0(asshown in Figure42.12). 

(d) We require r 2 -6ra 0 +4^ =0. The solutions are 


r 6^,±720g 


(e) We substitute the last two roots into P (r) to determi nethe most 
probable value: 


When r =( 3 - V5)ab =0.764a 0 , 

Wo. 764^)Y 2 Q.764a 0 


P{r) 


84 

(0.764) 2 


8a 0 


(2 - 0.764) 2 e“ 0764 =- 


When r = (3+>/5)ab=5.236ab, 


P(r) = 


(5.236^, ) 2 


8^0 
(S.236) 2 


5.236^, 

J 


(2- 5.236) 2 e“ 5: 


e 5,236 


0.191 

% 


Therefore, the most probable value of r is 
r = (3+V5)^^P = 0.19]/^ ■ 


©2014Cengage Learning. All Rights Reserved. M ay not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 







Chapter 42 1045 


P42.82 


P42.83 


(a) One molecule's share of volume is, 


f 27.0 gY 1 mol ] 

/ lOOxlOr 6 m 3 ] 

l mol J 16.02 x 10 23 mol ecu 1 es J 

l 2.70 g J 

=1.66xl0r 29 m 3 


' =|2.55xlOr 10 m-lOr 1 nm| 


/ 238 gV 1 mol T| 

'LOOxlOr 6 m 3 ] 

l mol Jl 6.02x 10 23 moleculesjl 

v 18.9 g J 


=2.09x HT 29 m 3 


D ~ yJV = [Z76x 1CT 10 m -HT 1 nm| 


(b) 


The outermost electron i n any atom sees the nuclear charge 
screened by all the electrons below it. If we can visualize a single 
outermost electron, it moves in the electric field of net charge 
+Ze- (Z -1) e= +e, the charge of a si ngle proton, as felt by the 
electron in hydrogen. So the Bohr radius sets the scalefor the 
outsidediameter of every atom. An innermost electron, on the 
other hand, sees the nudear charge unscreened, and the scale size 
of its (K-shell) orbit is a^/z. 


(a) The length of the pulse is 

A L =cAt =(3.00x 10 8 m/ s)(l4.0x 10 12 s) ^Sl.20 mm 


(b) The energy of each photon is 

E =— =2.86x 1CT 19 J 

A 


so the number of photons in the pulse is 


3.00 J 

2.86x 1CT 19 J/ photon 


=|l.05x 10 19 photons] 


(c) The volume of the pulse is 

V =A Lnr 2 =(4.20 mm)[^(3.00 mm) 2 ] =119 mm 3 

resulting in a photon density of 

1.05x 10 19 photons i 00 _ 
n = -^- = 8.82 x l(r mm 3 

11Q mm 3 1 - 1 
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P42.84 (a) The length of the pulse is A L = |~cAt] . 

he 

(b) The energy of each photon is E =—, so 

N =^ = 

(c) The volume of the pulse is 

rP rP 

V =ALn — =cAtn — 

4 4 

resulting in a photon density of 

JN_ = AT er 

11 V hc(cAtrccP/4) 


4AT er 

nhddAt 


^ER 

he 


P42.85 The fermions are described by the exclusion principle. Two of them, 

one spin-up and one spin-down, will bein theground energy level, in 
a standing wave pattern with oneantinode: 

CL =±l=L^X=2L =£, 


and 




p 2 _ h 2 
2m ~8mi 2 ' 


The third must bein the next higher level, in a standing wave pattern 
with two anti nodes: 


2d BN =2(T) =L^X=L. 


and 


- h ^ K = P 2 i = 11 

L 2m 2ml 2 ' 


The total energy is then 


h 2 h 2 h 2 _| 3 h 2 
8 ml 2 8 ml 2 2 ml 2 4 ml 2 


P42.86 An ionization energy of 4.10 eV means the ground state energy is 
-4.10 eV. The photon energies tell us the separation of the energy 
levels: 

c he 1240 eV ■ nm 

e= t = — i- AE 

Then, =310nm, so AE 1 =4.00eV 
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A 2 =400 nm, 
A 3 =1378 nm, 


AE 2 =3.10 eV 
A £, =0.900 eV 


The energy level diagram having the fewest levels and consistent with 
these energies is shown in ANS. FIG. P42.86. 


2nd Excited State 
1st Excited State- 


- -0.100 eV 
--1.00 eV 


ANS. FIG. 42.86 

The general radial probability distribution function is 
P(r)=47tr 2 \yr\ 2 

With y/ ls =(n4) V2 e rla °, it is P(r) =4r 2 a 0 3 e 2r,a °. 

The required probability is then 

P = f P(r)dr = f X-e 2r,a ° dr 

J 2 - 50a o J 2.50^) dj 

Letz =2r/ a 0 and dz =2dr/ a 0 . Then we want P =^^e z dz. 
Performing this integration by parts, 

P = -±(z‘ + 2z+2)<r\ 

4 15.00 

P =-^(0) +^( 25.0+10.0 +2.00)e' 5 00 =^ j(0.006 74) = [0l25l 
From Equations 42.22 - 42.25, 

P = J P ls {r)dr = J e 2r,a ° dr =- J z 2 e“ z ct, where z= — 

4 3 ) 2 2/3 a 0 

P = -hz* + 2z+ 2)e-'| = -A[0] + +(2/J) 2 + 40 + 2]e- 2 ' i 
4 \2p 4 Z 

= [g^(2j3 2 + 2jS + l)| 


©2014Cengage Learning. All Rights Reserved. M ay not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 










1048 Atomic Physics 


Challenge Problems 

P42.89 (a) Let r represent the distance between the electron and the positron. 

The two move in a circleof radiusr/ 2 around their center of mass 
with opposite velocities. The total angular momentum of the 
electron-positron system is quantized according to 


L n 


mvr mvr 

= _ + _ =n „ 


where n = 1,2,3,... 


For each particle, =ma expands to 

k e e 2 _mv 2 
~r r ~~r/2 


We can eliminate v =— to find 
mr 


k e e 2 _2 mn 2 h 2 
—- m 2 r 2 

So the separation distances are 


r 


2 n 2 h 2 
mk e e 2 


=2a ( ji 2 


Comparing this result to Equations 42.10 and 42.11, we see the 
allowed separation distances are two times the all owed radii of 
the Bohr hydrogen atom. Therefore, 

|r n =0.106n 2 , wherer n is in nanometers and n =1, 2, 3,...| 

(b) The orbital radii are ^ =a 0 n 2 , the same as for the electron in 
hydrogen. The energy can be calculated from 

1 1 k p 2 

E =K +U =-mv 2 +-mv 2 -^- 

2 2 r 

kp 2 

Since mv 2 =-*— , 

2 r 

E ^ -~ k e^ 

~ 2r r ~ 2r ~4a 0 n 2 

Comparing this result to Equations 42.13 and 42.14, we see the 
allowed energies are half those of the Bohr hydrogen atom. 
Therefore, 


E = —V-, whereE. is in electron volts and n =1, 2, 3,.., 
n 2 
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P42.90 (a) Supposetheatomsmoveinthe+xdirection.Theabsorptionofa 

photon by an atom is a completely inelastic collision, described by 

r h/ :\ : h 

mV:i + —[-i) = mv f i so v f -v= - 

' A' ' f f ' ml 

This happens promptly every time an atom has fallen back into 
the ground state, so it happens every 1CT 8 s =A t. Then, 

_ v r~ v i _ h 6.626x 1CT 34 J s 

At ml At (lCT 25 kg)(500x 1CT 9 m)(l0 8 s) 

m/s 2 1 

(b) With constant average acceleration, 

v 2 f =vf +2aAx O-flO 3 m/ s) 2 +2(-10 6 m/ s 2 )ax 


so 


(lO 3 m/s) 2 
10 6 m/ s 2 


ESml- 


P42.91 


(a) 


From Equation 42.13, the all owed energiesare E n 
where, from Equation 42.11, the Bohr radius is 

h 2 (h/2nf h 2 

a ° m e k e e 2 m e k e e 2 4 jt 2 m e k e e 2 

Combining these gives 

_k e e 2 4 jt 2 m e k e e 2 ( 1 \ _2 n 2 m e k 2 e 4 ( 1 \ 

" P [P J P J 


For a transition from state n to state n - 1, 

hf=AE J ?^l Vl,.-!] 
I 0 2 Jl(n-l) 2 n ) 

l » 2 J f 


which gives 

f _( 2x 2 m e k 2 e 4 ) 2n-l 
{ h 3 Jn 2 (n-1) 2 
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(b) As n-> °o, wefind thequantum result: 

2ji‘m r k‘e' 2 _% 2 m^, 2 e 4 
h 3 n 3 h 3 n 3 


v 

The classical frequency is f= -, where classically, from 

2 nr 

k 

Equation 42.8, m 2 =- g — . By substituting, the relation for the 
m e r 

classical frequency becomes 

f= J_ = JL f*Z = | k e e2 

2nr 2xrym e r ]j 4n 2 m e r 3 


From Equation 42.10, the radius 
substituting this yields 


_ n 2 h 2 _ n 2 h 2 
n m e k e e 2 4ji 2 m e k e e 2 ' 


k e e 2 ( 4 n 2 m e k e e 2 Y 

47 r 2 m e [ n 2 /i 2 J 

I(4k 2 ) 2 m 2 k 4 e e 8 _4n 2 m e k 2 e A 



[The classical frequency is 4^ 2 m e /c 2 e 4 //i 3 n 3 .| We see that the Bohr 
resuIt for large n reduces to the classical result. 
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lNSWERS to even-numbered problems 


P42.2 (a) 1875 nm, 1282 nm, 1094 nm; (b) i nfrared 

P42.4 (a) =1 . 1 1| I; (b) =|<t ml - k M \ 

| 4 ml 1 / A nl \ 

P42.6 (a) SeeP42.6(a) for full explanation; (b) 0.846 ns 

P42.8 SeeP42.8forfull explanation. 

P42.10 (a) 2.86 eV; (b) 0.472 eV 

P42.12 (a) 1.89 eV; (b) 656 nm; (c) 3.40 eV; (d) 365 nm; (e) 365 nm 

P42.14 4.42 x 10 4 m/ s 

P42.16 (a) 97.3 nm; (b) 1.88 jL/m; (c) infrared; (d) Paschen; (e) 97.3nm; 

(f) ultraviolet; (g) Lyman 

P42.18 (a) 0.212 nm; (b) 9.97 x lOr 25 kg ■ nrtf s; (c) 2.11 x lOr 34 kg ■ m 2 / s; 

(d) 3.40 eV; (e) -6.80 eV; (f) -3.40 eV 

P42.20 (a) 152 as; (b) 8.23 x lOP revolutions; (c) Its lifetime in electron years is 

comparableto the lifetime of the Sun in Earth years, so we can thinkof 
it as a long time. 

P42.22 (a) 1.31 jum; (b) 164 nm 

P42.24 (a) A; (b) /A; (c) (d) -AL =a 0 ;(e)-13.6eV; 

2 r 2m/ 2 2m/ 2 r m e k e e 

(f) Wefind our results are in agreement with the Bohr theory. 

k 6 ? 

P42.26 (a) See P42.26(a) for full explanation; (b) E =-^r— 

2a 0 

P42.28 (a) 1; (b) 0.497 

P42.30 (a) See P42.30(a) for a I ist of al I sets; (b) See P42.30(b) for a I ist of al I 

sets. 

P42.32 (a) V6ft; (b) L z can havethe values -2 h, -h, 0, h and 2ft; (c) 145°, 114°, 

90.0°, 65.9°, and 35.3° 

P42.34 (a) 2; (b) 8; (c) 18; (d) 32; (e) 50 

P42.36 (a) 3.99 x 10 17 kg/ m 3 ; (b) 8.17 am; (c) 1.77 TrrV s; (d) It is 5.91 x ltfc, 

which is huge compared with the speed of light and impossible. 

P42.38 The electron energy is not enough to excite the hydrogen atom from its 
ground state to even the first excited state. 
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P42.40 (a) the 4s subshell; (b) Wewould expect [Ar]3c/ 4 4s 2 to have lower 

energy, but [ArJSd^s 1 has more unpaired spins and lower energy 
according to Hund'srule; (c) chromium 

P42.42 See P42.42 for the complete table. 

P42.44 Is, 2s, 2p, 3s, 3p, 4s, 3d, 4p, 5s, 4d, 5p, 6s, 4 f, 5d, 6p, 7s 

P42.46 Is 2 2s 2 2p 6 3s 2 3p 6 3d 10 4s 2 4p 6 4d 10 4 f 14 5s 2 5p 6 5d 10 5 f 14 6s 2 6p e 6d 8 7s 2 

P42.48 See P42.48 for full explanation. 

P42.50 0.310 nm 

P42.52 (a) For the 3p state, 1.4 and for the 3d state, 1.0; (b) See P42.52(b) for ful I 

explanation. 

P42.54 L shel I = 11.8 keV, M shel I = 10.2 keV, N shel I = 2.47 keV 

P42.56 (a) 1240 v nm ; (b) The potential difference is i nversely proportional 

A, 

to the wavelength; (c) Yes. It predicts a minimum wavelength of 33.5 
pm when the accelerating voltage is 37 keV, in agreement with the 
minimum wavelength in the figure; (d)Yes, but it might be unlikely 
for a very high energy electron to stop in a single interaction to 
produce a high-energy gamma ray, and it might be difficult to observe 
the very low intensity radio waves produced as bremsstrahlung by 
low-energy electrons; (e) The potential difference goes to infinity as the 
wavelength goes to zero; (f) The potential difference goes to zero as the 
wavelength goes to infinity. 

P42.58 633 nm 

P42.60 (a) 18.37 eV; (b) 217 nm; (c) 93.1 nm 

P42.62 (a) 1.26 x la 33 ; (b) -1.15 x 10 5 K; (c) A population inversion cannot 

happen in thermal equilibrium. 

P42.64 (a) A 1 =632.809 14 nm, A 2 =632.808 57 nm, A 3 =632.809 71 nm, three; 

(b) 697 m/ s (c) See P42.64(c) for full description. 

P42.66 0.389 T/m 

P42.68 (a) 1.63 X 10T 18 J; (b) 7.88 xlCfK 

P42.70 5.39 keV 

P42.72 See P42.72 for full explanation. 

P42.74 In order to have a maximum value of m f equal to 3, we need to have 
l =3, which is inconsistent with thefirst result. 
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P42.76 (a) See P42.76(a) for full explanation; (b) 2.53 x 10 74 ; (c) 1.18 x 10r 63 m; 

(d) This number is much smaller than the radius of an atomic nucleus 
(—10r 15 m), so the distance between quantized orbits of the Earth istoo 
smal I to observe. 

P42.78 (a) | ^ +— +lV 2r/£ *; (b) See AN S. FIG. P42.78; (c) 1.34 a 0 

1 4 % ) 

P42.80 (a) -8.16 eV, -2.04 eV, -0.902 eV, -0.508 eV, -0.325 eV; (b) 1090 nm, 

811 nm, 724 nm, and 609 nm; (c) 122 nm, 103 nm, 97.3 nm, 95.0 nm, 

91.2 nm; (d) The spectrum could be that of hydrogen, Doppler-shifted 
by motion away from us at speed 0.471c. 

P42.82 (a) Al: 2.55 x 10r 10 m -Id 1 nm and U:2.76x 10r 10 m ~ 10T 1 nm; (b) The 

outermost electron in any atom sees the nuclear charge screened by all 
the electrons below it. If we can visualize a single outermost electron, it 
moves in the electric field of net charge +Ze- (Z - l)e =-+e, the charge 
of a si ngle proton, as felt by the electron i n hydrogen. So the Bohr 
radi us sets the seal e for the outsi de di ameter of every atom. A n 
innermost electron, on the other hand, sees the nuclear charge 
unscreened, and the scale size of its (K-shel I) orbit \saJZ. 

P42.84 (a) cAt; (b) ^; (c) ggf - 

he nhccrAt 

P42.86 SeeANS. FIG P42.86for the energy-level diagram. 

P42.88 e 2p [ip 2 +ip+l) 

P42.90 (a) -10 6 m/ s 2 ; (b) ~1 m 
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Molecules and Solids 


CHAPTER OUTLINE 


43.1 Molecular Bonds 

43.2 E nergy States and Spectra of M ol ecu I es 

43.3 Bonding in Solids 

43.4 Free-Electron Theory of M etals 

43.5 Band Theory of Sol i ds 

43.6 Electrical Conduction in Metals, Insulators, and Semiconductors 

43.7 Semiconductor Devices 

43.8 Superconductivity 

|* An asterisk indicates a question or problem new tothisedition.| 


lNSWERS to objective questions 


OQ43.1 (a) False. An infinite current would producean infinite magnetic 

field that would penetratethe surface of the superconductor and 
destroy the superconducting properties, (b) False. There is no 
physical requirement that a superconductor carry a current, (c) True. 
(d)True. (e)True. Collisions do not occur between Cooper pairs and 
the lattice ions. 

OQ43.2 Answer (b). At higher temperature, molecules are typically in higher 
rotational energy levels before as well as after i nfrared absorption. 

OQ43.3 (i) Answer (c). Think of aluminum foil. 

(ii) Answer (a). An example is NaCI, table salt. 

(iii) Answer (b). Examples are elemental silicon and carborundum 
(silicon carbide). 


1054 
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OQ43.4 (i) Answer (b). The density of states is proportional totheenergy 

to the one-half power. 

(ii) A nswer (a). M ost states wel I above the Fermi energy are 
unoccupied. 

OQ43.5 Answer (b). First consider electric conduction in a metal. The number 
of conduction electrons is essentially fixed. They conduct electricity 
by having drift motion in an applied electric field superposed on 
their random thermal motion. At higher temperature, the ion cores 
vibrate more and scatter more efficiently the conduction electrons 
flying among them. The mean time between collisions is reduced. 

The electrons have time to develop only a lower drift speed. The 
electric current isreduced, so we seethe resistivity increasing with 
temperature. 

Now consider an intrinsic semiconductor. At absolute zero its 
valence band isfull and its conduction band is empty. It is an 
insulator, with very high resistivity. As the temperature increases, 
more electrons are promoted to the conduction band, leaving holes in 
the valence band. Then both electrons and holes move in response to 
an applied electric field. Thus we see the resistivity decreasing as 
temperature goes up. 

OQ43.6 (i) and (ii) A nswer (a) for both. Either ki nd of dopi ng contri butes 

more mobile charge carriers, either holes or electrons. 

OQ43.7 The ranking isthen b >d >c>a. If you start with a solid sampleand 
raise its temperature, it will typically meltfirst, then start emitting 
lots of far infrared light, then emit light with a spectrum peaking in 
the near infrared, and later have its molecules dissociate into atoms. 
Rotation of a diatomic molecule involves less energy than vibration. 
Absorption and emission of microwave photons, of frequency -1& 1 
Hz, accompany excitation and de-excitation of rotational motion, 
while infrared photons, of frequency -10° Hz, accompany changes in 
the vibration state of typical simple molecules. 


lNSWERS to conceptual questions 


CQ43.1 A material can absorb a photon of energy greater than the energy 

gap, as an electron jumps into a higher energy state; therefore, silicon 
can absorb visible light, thus appearing opaque. If the photon does 
not have enough energy to raise the energy of the electron by the 
energy gap, then the photon will not be absorbed; therefore, 
diamond cannot absorb visible light, thus appearing transparent. 
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CQ43.2 Rotational, vibrational, and electronic (as discussed in Chapter 42) 
are the three major forms of excitation. Rotational energy for a 

fi 2 

diatomic molecule is on the order of —, where/ is the moment of 

inertia of the molecule. A typical valueforasmall molecule is on the 
order of 1 meV = 1CT 3 eV. V i brational energy is on the order of hf, 
w here f i s the vi brati on frequency of the mol ecu I e. A ty pi cal val ue i s 
on the order of 0.1 eV. Electronic energy depends on the state of an 
electron in the molecule and is on the order of a few eV.The 
rotational energy can be zero, but neither the vibrational nor the 
electronic energy can be zero. 

CQ43.3 From the rotational spectrum of a molecule, one can easily calculate 
the moment of inertia of the molecule using Equation 43.7 in the text. 
Note that with this method, only the spacing between adjacent 
energy levels needs to be measured. From the moment of inertia, the 
size of the molecule can be calculated, provided that the structure of 
the molecule is known. 

CQ43.4 Along with arsenic (As), any other element in group V, such as 

phosphorus(P), antimony (Sb), and bismuth (Bi), would makegood 
donor atoms. Each has 5 valence electrons. Any element in group III 
would makegood acceptor atoms, such as boron (B), aluminum (Al), 
gallium (Ga), and indium (In). They all have only 3 valence electrons. 

CQ43.5 The energy of the photon is given to the electron. The energy of a 
photon of visible light is sufficient to promote the electron from the 
lower-energy valence band to the higher-energy conduction band. 
This results in the additional electron in the conduction band and an 
additional hole—the energy state that the electron used to occupy— 
in the valence band. 

CQ43.6 (a) I n a metal, there i s no energy gap between the val ence and 

conduction bands, or the conduction band is partly full even at 
absolute zero in temperature. Thus an applied electric field is 
able to inject a tiny bit of energy i nto an electron to promote it to 
a state in which it is moving through the metal as part of an 
electric current. In an insulator, there is a large energy gap 
between a full valence band and an empty conduction band. An 
appl i ed el ectri c f i el d i s unabl e to gi ve el ectrons i n the val ence 
band enough energy to jump across the gap intothehigher 
energy conduction band. In a semiconductor, the energy gap 
between valence and conduction bands is smaller than in an 
insulator. 
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CQ43.7 


CQ43.8 


CQ43.9 


(b) At absolute zero the valence band is full and the conduction 
band is empty, but at room temperature thermal energy has 
promoted some electrons across the gap. Then there are some 
mobile holes in the valence band as well as some mobile 
electrons in the conduction band. 

(a) The two assumptions in thefree-electron theory are that the 
conduction electrons are not bound to any particular atom, and 
that the nuclei of the atoms are fixed in a lattice structure. In this 
model, it is the "soup" of free electrons that are conducted 
through metals. 

(b) The energy band model is more comprehensive than thefree- 
electron theory. Theenergy band model includes an account of 
the more tightly bound electrons as well as the conduction 
electrons. It can be developed i nto a theory of the structure of 
the crystal and its mechanical and thermal properties. 

A molecule containing two atoms of D = 2 H, deuterium, has twice the 
mass of a molecule containing two atoms of ordinary hydrogen 1 H; 
therefore the deuterium molecule has twice the reduced mass of the 
hydrogen molecule. The atoms have the same electronic structure, so 
the mol ecu I es have the same i nteratomi c spaci ng, and the same 
spring constant. Therefore, each vibrational energy level for D 2 is 

VV2 ti mes that of H 2 . The moment of i nerti a of deuteri um is twi ce 
as large and the rotational energies one-half as large as for the 
ordinary hydrogen molecule. 

Ionic bondsareones between oppositely charged ions. Oneatom 
essentially steals an electron from another; for example, in table salt, 

N aCI, the chlorine atom takes the outer 3s electron from the sodium 
atom, resulting intwo ionsCland Na + . A simplemodel of an ionic 
bond is the electrostatic attraction of a negatively charged latex 
balloon to a positively charged Mylar balloon. 

Covalent bonds are ones in which atoms share electrons. Classically, 
two children playing a short-range game of catch with a ball models 
a covalent bond. On a quantum scale, the two atoms are sharing a 
wave function, so perhaps a better model would be two children 
using a single hula hoop. 

Van der Waals bonds are weak electrostatic forces: the electric 
dipole-dipole force i s anal ogous to the attracti on between the 
opposite pol es of two bar magnets, the di pol e-i nduced di pol e force is 
similar to a bar magnet attracting an iron nail or paper clip, and the 
dispersion force is analogous to an alternating-current electromagnet 
attracting a paper clip. 
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A hydrogen atom in a molecule is not ionized, but its electron can 
spend more time el sew here than it does in the hydrogen atom. The 
hydrogen atom can be a location of net positive charge, and can 
weakly attract a zone of negative charge in another molecule. 

CQ43.10 The atoms of crystal line substances form a regular array of ions in a 
lattice structure, and the atoms are close enough together to allow 
energy bands to form. The atoms of amorphous sol ids do not form a 
regular array, but they are close enough to produce energy bands. 
The atoms of gases do not form regular arrays and are too far apart 
to form energy bands. 


SOLUTIONS TO END-OF-CHAPTER PROBLEMS 


Section 43.1 Molecular Bonds 

P43.1 At the boi I ing or condensation temperature, 

E =| k B T « 1(T 3 eV =1(T 3 (1.6x 1(T 19 J) 


Solving for the temperature! gives, 


E 2(l.6x 1(T 22 j) 
ke~3(l.38x 1(T 23 J/K) 


|~10 K 


P43.2 (a) The el ectrostati c force i s 

F= <? 

4 it e 0 r 2 

_(8.99x 10 9 N • m 2 / C 2 )(l.60x 1 (T 19 c) 2 
(5.00x lCr 10 m) 2 
=9.21x 1(T 10 N =921x 1 (T 12 N 


or 921 pN toward the other ion. 


The potential energy of the ion pair is 


U =- 

-q 2 


4ne 0 r 



(8.99x 10 9 N ■ m 2 / C 2 )(l.60x 1(T 19 c) 2 

f leV 1 


5.00x HT 10 m 

U-60xi(r 19 j J 


= 1-2.88 eV 
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P43.3 


P43.4 


We are told that 

K +CI +0.70 eV -> K + +CI 
and Cl +e“ -> Cl +3.6 eV 
or Cl ^ Cl+e~ - 3.6 eV 

By substitution, 

K +CI +0.7 eV -> K + +CI +er - 3.6 eV 
K +4.3 eV -» K + +e~ 

or the ionization energy of potassium is 4.3 eV . 

(a) Because the ionization energy of K is 4.34 eV, we have the relation 
K +4.34 eV -> K + +e~ [1] 

and because the electron affinity of I is 3.06 eV, we have the 
relation 


I +e" -> 1“ +3.06 eV 
I - 3.06 eV -> I - e“ 

Adding equations [1] and [2] gives 

(K +4.34eV) +(I - 3.06eV) —> (K + +e”) +(I — e) 
K+l +(4.34 eV-3.06 eV)—> K + +l 
K +1 +1.28 eV -> K + +1 


[ 2 ] 


Therefore, the activation energy is \E a =1.28 eV] . 
(b) We differentiate the given function: 




Setting the expression above equal to 0, atr =r 0 we have 


dr 

which gives 

6 

=T 1 


-if ° 

~2{7 n 


a =2~ y6 r 0 =2 _]/6 (0.305) nm 


or ' 0 =0.272 nm 
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Then also 

U(r 0 )= 4e 


= 4e 


f E=-e+E a 


[H] 

solving for e gives 

e=E a -U (r 0 ) = 128 eV + 3.37 eV 
= 14.65 eV | 

(c) The force of attracti on between the atoms i s 


nr)=~=^\ 12 [^] 




To fi nd the maxi mum force we cal cul ate 


dF 4e[ 
dr <j 2 [' 
o J 42 
r break { 156. 


-156^- 

ye 


=0 


So at r =r break , the force i s a maxi mum: 


F _ 4(4.65 eV)T 


42 Y /6 1 

max 0.272 nm [ 

lisej l 

156 J J 

_-41.0 eV f 1 

.60x 1CT 19 N ■ m 

)( lnm l 

nm ^ 

leV 

J V 1CT 9 mj 


-6.55 nN 


Therefore the applied force required to break the molecule is 
| +6.55 nN | away from the center. 

(d) To cal cul ate the force constant, weexpand U (r) as suggested in 
the problem statement: 


U(r 0 + s) = 4e 


= 4e 


fT^rX f T y6 

Uo + sJ [r 0 + s 
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P43.5 


Expanding, 

U(r 0 + s) = 4e 




-i i + - 


-4e - l-12-+7ffV-•• 




+ E, 


= e -12 e — +78e ^-2e+12e — -42e ^+F - 
r n r n r n r n 


= -e+E a + d - \ + 36e^ 


of* 

U 


or U(r 0 +s)^U(r 0 )+^ks 2 

where k=^~ = 72 ( 465eV J =3599 e V/nm 2 =1576 N/m| 
r 0 (0.305 nm ) 2 ' I-- — 1 

(a) The mi n i mum energy of the mol ecu I eat r =r 0 is found from 


dU_ 
dr : 

yielding 


-124r 0 13 + 6 Br 0 7 


rzAf 6 

r » = kJ 

J 2(0.124x 10r 120 eV ■ m 12 )] V6 


1488x Id 60 eV ■ m 6 


=7.42 x lOr 11 m =174.2 pm 


(b) The energy required to break up the molecule would separate the 
atoms from r =r 0 to r = 00 : 

E=U\ -U\ =0-1" —_—1 =— 

lr ~ [4A 2 /B 2 2A/B\ L4 2} A 4A 

(l.488x lCT® (V m 6 ) 2 .-, 

E_ 4(0.124xlCr 12 “d/ m 12 ) ~ | 446a/ | 

This is also the equal to the bi ndi ng energy, the amount of energy 
gi ven u p by the two atoms as they come together to form a 
molecule. 
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P43.6 


(a) The mi n i mu m energy of the mol ecu I eat r =r 0 is found from 

=-124r 0 13 +6 Br 0 7 =0 
dr 

yielding 



(b) The energy required to break up the molecule would separate the 
atoms from r =r 0 to r =«: 


E=U U 


/\ 

B 

l_Ji il* IZ1 

44 2 /e 2 

2A/B 

1 

Xl 

M 

i 


Section 43.2 Energy States and Spectra of Molecules 

P43.7 (a) Recal I from Chapter 42 that the energy of the photon is given by 

^ =Af =|1[2(2 +1)]- + D] (4) 

Then, 

4(h/2jrf _ h _ 6.626x 1CT 34 J s 
2 hf 2 n 2 f 27r 2 (2.30xl0 u Hz) 

= [L46x 10 46 kg - m 2 ] 


(b) 


The results are the same, suggesting that the bond length 
of the molecule does not change measurably between the 
two transitions. 


P43.8 From Equations 43.4 and 43.3, the reduced mass and moment of i nertia 
of Csl are 

(132.9 u)(126.9 u) ( 1.66x 10r 27 kg ^ 

" = 132.9 u + 126.9u i-u- J 

=1.08x Id 25 kg 
and 


I =/j r 2 =(l.08x 1CT 25 kg)(0.127x 1CT 9 m ) 2 
=1.74x 10 45 kg - m 2 
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*P43.9 


The allowed rotational energies (from Equation 43.6) are 


E r0t = ^J(J + l)=J(J + l)\ 


(6.626xl(T 34 Js/2 nf 
2(1.74x10 45 kg m 2 ) 


=7(7 + 1)(3.20x10- 24 J) ( 
=7(7 + l)(2.00xl0r 5 eV) 


leV 


1.602 xl(T 19 J 


(a) J =2 gives 

E rot =2(3)^ =1.20x 1 Or 4 eV = |0.120 meV| 

(b) The photon that can cause the transiti on J = 1 -> 2 has energy 


\2/J { 21 ) 


hf = AE rot = 2(2 + l)^-j-l(l + l)\-\ = 4\^\ 

= 4(3.20x 1(T 24 J) = 1.28x 10 23 J = 7.99x 1(T 2 eV 
The frequency of the photon is 


AE t 


1.28x 10 23 J 


h 6.626x 1CT 34 J s 


=1.93x 10 10 s' 1 =119.3 GHz I 


For the H Cl molecule in thej =2 rotational energy level, we are given 
the distance between nuclei, r 0 =0.127 5 nm. From Equation 43.6, the 
allowed rotational energies are 


e,* = ^J(J + i) 

Taki ngj = 2, we have E ro1 


c n 2 3r l. 2 
= 6 2 /=^ = 2 /W ' 


6fc 2 

or ® =^J2- =V6y 

The moment of i nertia of the molecule is given by Equation 43.3: 




m 1 +m 2 
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Substituting numerical values, 

[ (1.008 u)(35.45u) l 2 
L 1.008 u + 35.45 u J 0 

= (0.980 u)(l.66xl0r 27 kg/u)(l.275x 1(T 10 m) 2 
= 2.64x 10r 47 kg m 2 


Therefore, 


CO =V6y 


Vefe^exior^js) 

2tz;(2.64x 1CT 47 kg-m 2 ) 


=| 9.77 x 10 12 rad/s| 


P43.10 (a) From Equation 43.10, the energy separation between the ground 

and first excited state is 


AE ^ = £S =hf 50 

and the reduced mass is 

k 1530 N/m 


k=4n 2 f 2 iJ 


M 4 n 2 f 2 4^(56.3x 10 12 s' 1 ) 2 
(b) From Equation 43.4, the reduced mass is 


= 1.22 xlOr 26 






__ (14.007 

m 1 +m 2 14.007 


L007 u)(l5.999u)[ 1.66x10 
,007 u +15.999 u { lu 


1 (T 27 kg 


= 1.24XKT 26 kg 


(c) (They agree because the small apparent difference can be| 


[attributed to uncertainty in thedata.| 


P43.ll (a) With r representing the distance of each atom from the center of 
mass, the moment of inertia is 

mr 2 + mr 2 = 2mr 2 

= 2(1.008 u)| 

= 4.71x 1CT 48 kg-m 2 

The all owed rotational energies (from Equation 43.6) are 


( 1.66xl0r 27 kg ^ 

f 0.750X 10 10 m) 

l U J 

{ 2 J 


E r « = ^J(J + 1) 
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The J = 0 state has energy E rot = 0, and thej = 1 state has energy 

P J / v 27r l!( 1 )(2) J / ^ 27r T 


rot 2/ I 

_(6.626x 1CT 34 J • s/27t) 2 f leV 
” (4.71x KT 48 kg• m 2 |Jl6Q2x^ J 
=1.48x 1(T 2 eV = | 0.014 8 eV | 

(b) The energy of the photon that rai ses the mol ecu I e from 0 to 
0.014 8 eV is 0.014 8 eV. The photon's wavelength is 

. h 1240 eV-nm 0 .. iri4 
A =- = w —8.41x 10 4 nm 

E 0.0148 eV 

=84.lx 10 3 nm = |84.1)Um| 

From Equation 43.10, the energy separation between the ground and 
first excited state is 


AF 


• = *S = *J 


/((rrij^ +m 2 ] 


Substituting numerical values, 
AE vib = (1.055 xlOr 34 


(480 N/ m)(35 + 1) 
(|(35)(l)(l.66x 10r 27 kg) 

= 5.75 x KT 20 J = 0.359 eV 

To excite a transition with this energy difference, the wavelength of 
incident photons must be 

„ he 1240 eV nm 


A E m 


0.359 eV 


- = 3.45 x 10 3 nm 


The incident photons have a wavelength longer than this, which 
means they have less energy than 0.359 eV. Therefore, these photons 
cannot excite the moleculeto the first excited state. 

P43.13 The mass to consider is the molecule's reduced mass. Iodine has atomic 
mass 126.90 u and a hydrogen atom is 1.007 9 u, so the reduced mass of 
HI is 


. £h _(12R90u)(L007 9u) =099g gg 
m 1 +m 2 126.90 u +1.007 9 
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P43.14 


N ow for the energy of the ground state we have 

E=±kA 2 =( 0 +l)hf 

2 1 2 y 22n\n 

So the amplitude is 
A =, 


2/rk 


Ik jA) V2 (A_ 

y ju L 27t J ^ k/i 


(a) For HI we have 




6.626xlQr 34 Js 
2n 


{(320 N/ m)(0.999 96)(1.66x l(T 27 kg) 


= 1.20x HT 11 m =12.0 pm 


(b) Flourine has an atomic mass of 18.9984 u, so, for H F, 
mjn 2 Jl8.998 4u)(l.007 9u)_ nQ „ 1Oii 


m 1 +m 2 18.998 4 u +1.007 9 u 


and 


A = 


6.626x10^1 s 
2k 


(970 N/ m)(0.95712)(1.66x l(T 27 kg) J 


= 9.22x HT m =9.22 pm 


The energy of a rotational transition is A E =|^ yjy, wherej is the 

rotational quantum number of the higher energy state (see Equation 
43.7). We do not know J from the data. H owever, 

_(6.626x lCT 34 J ■ s)(2.998x 10 8 m/ s)( l e V 


1.602x HT 19 J 
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P43.15 


For each observed wavelength, 


A (mm) 

E (eV) 

0.1204 

0.010 30 

0.0964 

0.012 86 

0.0804 

0.015 42 

0.0690 

0.017 97 

0.0604 

0.020 53 


The A E's consistently increase by 0.002 56 eV. 
E 1 =j =0.002 56 eV 


and 


__ = Js) 2 r leV ^ 

E t (0.002 56 eV) [ 1.60x lCT 19 J J 


= 2.72x 10“ 47 kg • m 2 


For the H CI mol ecu I e, the i nternucl ear rad i us i s 


r= [1= IE 

yp U.( 


72 x 10“ 47 


m =0.130 nm 


V 1.62 x 10" 

(a) The reduced mass of N aCI is 

■ yL_ ^ m Na m a^. a_ ( 22 -99u)(35.^ : M 1 - 66x 10-27 k 9 
^ m Na +m cl 22.99 u +35.45 u 


= 2.32 xlCT 26 kg 


(b) Its moment of inertia is 

I =ijr 2 =(2.32xl0r 26 kg)(o.280x 10“ 9 m) 2 


= 1.82 x 10“ 45 kg ■ m 2 
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P43.16 


P43.17 


(c) Thewavelength of the emitted photon isfound from: 


he fi 2 fi 2 3h 2 ft 2 2 ft 2 2 /t 2 

f = AE 42 ( 2 + l)-|Kl + l) = ^4 = A = _ 


then, 


_c4tt 2 / _(3.00x 10 s nrV s)% 2 (l.82x 10 45 kg- m 2 ) 


2 h 

= | 162 cm | 


2(6.626x 10 34 


Masses/?^ and m 2 havethe respective distances r 1 and r 2 from the 
center of mass. Then, 


m 1 r 1 =m / 2 ar| d r i +r 2 =r 


So, 


and thus, '^ 2 - +r 2 =r 

m i 


Also, r 2 


m 1 +m 2 


thus, 


, 171 i r i 

r x = 


m 2 r 


m 1 +m 2 

The moment of i nerti a of the mol ecu I e i s then 

m 2 r 2 m 2 r 2 


I =m 1 r 2 +m 2 r 2 =m 1 j 


+m 2 - 


| i+m 2 ) 2 2 K+m 2 ; 

_ m 1 m 2 [m 2 +m 1 )r 2 _ mi m 2 r 2 = r^ 
(m 1 +m 2 ) 2 m 1 +m 2 I-1 

(a) The reduced mass of the 0 2 is 

m 0 m 0 _ (16.00u)(16.00u' 


m 0 +m 0 (16.00 u) +(16.00 u 
=8(l.66x 10r 27 kg) =1.33x 10r 26 kg 
The moment of i nerti a i s then 


=8 u 


/ =/j r 2 =(l.33x 1CT 26 kg)(l.20x 10r 10 m) 2 
=1.91x 1CT 46 kg - m 2 
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P43.18 


The rotational energies are 

C (S-Kxlff’l-s/if 

E,c * 2I J(J + 1> 2(1.91x10* kg m 2 ) 7 * 7 * 1 * 

Thus, 

E rot = (2.9ixicr 23 j)y(y + i) 
and for7 =0,1, 2, 

E rot =10, 3.63 x 10 4 eV, 1.09xl0 3 evl 


(b) The vibrational energies are given by 


E uih = v+^ \h\- 


JuS\( 6-626x10 34 J-s 

2 n 


1177 N/m 
8 (l.66x 1CT 27 kg) 






=[ v+±J(0.196eV) 


For v =0,1, 2, |E vib =0,0980 eV, 0.294eV, 0.490eV| . 

(a) In benzene, the dashed lines form equilateral triangles, so the 
carbon atoms are each 0.110 nm from the axis and each hydrogen 
atom is (0.110 +0.100 nm) =0.210 nm from the axis. Thus, the 
moment of inertia is given by 

/ = £mr 2 = 6(l.99x KT 26 kg)(0.110x 1(T 9 m) 2 

+ 6(l.67xl0r 27 kg)(0.210x 1(T 9 m) 2 
= 11.89x1a 45 kg ■ m 2 1 


(b) The all owed rotational energies are then 

= (2.95 x la 24 J )j (J + 1) = (18.4x la 6 eV )j (J + 1) 


E rot = 18.47 (7 +1), whereE rot is in microelectron volts and 

7 = 0 , 1 , 2,3 . 
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The f i rst f i ve of these al I owed energi es are: 

E rot =0, 36.9 jueV, 111 jueV, 221 jueV, and 369 jueV 

P43.19 We carry extra digits through the solution because part (c) involves the 

subtraction of two close numbers. The longest wavelength corresponds 
to the smal lest energy difference between the rotational energy levels. 

It is between J =0and J =1, namely 



The wavelength is then 

, _ he _ he _ 4n 2 lc 

~Ae~ ~¥/i 7T 

If /j = m H m ci j sthe rec | ucec | masSj fh en 

m H +m cl 

I =fj r 2 =)u(o.l27 46x 1CT 9 mf 
and therefore, 

% 2 [ju(0.127 46x 1CT 9 mf]( 2.997 925x 10 8 nrV s) 

A 6.626 075 x 10 34 J - s 

^zgoiaaoxio 23 m/kg)ju m 

(a) For 35 CI, 

_(l.007825u)(34.968853u)f 1.660540xl0r 27 kg^ 

^ 1.007 825u+34.968 853u [ u J 

=1.626 653xl0r 27 kg 
From equation [1], 

A 35 =(2.901830X10 23 m/ kg)(l.626653x 10r 27 kg) 

= | 472 yum] 

(b) For 37 CI, 

_ (1.007 825u)(36.965 903u) f 1.660540x 10r 27 kg"| 

^ 1.007 825u +36.965 903u { u J 

=1.629118xl0r 27 kg 
From equation [1], 

A 37 =(2.901 830x 10 23 m/ kg)(l.629118x 10 27 kg) = |473 jjm\ 
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P43.20 


(c) The separati on i n wavel ength i s 

A 37 - A 35 =472.742 4 pm- 472.027 0 pm =| 0.715 pm\ 

We find an average spacing between peaks by counting 22 gaps 
(counting the central gap as two) between 7.96 x 10 13 Hz and 
9.24x 10 13 Hz: 


A ^-7-^x# Hz= a0582xltf3Hz 


22 

=5.82xl0 11 Hz=^| 


_1( h 2 
hy4K 2 l 


The moment of i nerti a i s then 


P43.21 


h _ 6.626x 10 34 J s 
4k 2 Af 4^ 2 (5.82x10 11 S- 1 ) 


=| 2.88 x Id 47 kgm 2 


We carry extra digits through the solution because the given 
wavelengths are close together. 

(a) The energy I evel s are gi ven by 

E vl =[ V+ ^hf + ^JU + l) 

Therefore, 

1 3 n 2 1 3 n 2 

Eoo E n ^d E 02 =\hf+^~ 

Then, 

, w— |_ ,, h 2 he 

AE i = E n- E oo = hf+ -j- = Y 

_ (6.626075x Id 34 J • s)(2.997 925x 10 8 m/ s) 

“ 2.2112xlOr 6 m 


AE 1 -hf +-J- =8.983 573 x lCT 20 


and 


. ._ ._ r- ,r 2h 2 he 

AE 2 ~ E 11 ~ E 02 ~hf - ~ 


_(6.626075x Id 34 J ■ s)(2.997925x 10 8 nrV s) 
2.405 4xl(T 6 m 


[ 1 ] 


A E 2 =hf- =L. =8.258 284x HT 20 


[ 2 ] 
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Subtracting equation [2] from [1] gives, 

AE 1 -AE 2 =(w-l^j-(w--^j = 

solving, 


hchc 

X k 



Then, 

3 h f 1 1) 

% 2 / [ A 2 j 

=(2.997 925x 10 8 m/ s) 


[ 2.2112 x 10 6 m 2.405 4x 1(T 6 m 
=1.0946x 1CP s' 1 


Solving for the moment of inertia then gives 


/ 


3(6.626075x Id 34 J ■ s) 
4^ 2 (1.094 6xl0 13 s 1 ) 


=| 4.60x10 48 kg - m 2 


(b) From equation [1]: 

f _ AE i * 2 

1 h 2 kI 

_ 8.983 573x HT 20 J (6.626 075x 10 34 J • s) 

6.626 075x 1CT 34 J ■ s 2/r(4.600 060x 10 48 kg -m 2 ) 

= | 1.32x 10 14 Hz| 

(c) The moment of inertia of the molecule is given by / =jur 2 , where n 
is the reduced mass, 

ju =Xr\ H =1(1.007 825u) =8.367 669x HT 28 kg 


The equi I i bri um separati on di stance i s then, 


r _ n~_ 14.600060x10 48 kg-m 2 
r ]I/li 8.367 669xl0r 28 kg 


=|0.0741 nm 
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P43.22 The emi ssi on energi es are the same as the absorpti on energi es, but the 

final state must be below {v =1 ,J =0). The transition must satisfy 
AJ =±L, so it must end with J = 1. To be lower i n energy, the state must 
be(\/ =0 ,) =1). The emitted photon energy is therefore 

^photon - (^vib| v= i + ^rot||/ = o) - (^vib| v= o + ^rot| 7 = 1 ) 

^photon = ^vib _ ^rot 

Thus, f photon = f vib - f rot =6.42x 10 13 Hz- 1.15x 10 11 Hz 
=6.41x 10 13 Hz = 64.1 THz 

P43.23 The moment of i nertia about the molecular axis is 


l y = |mr 2 + |mr 2 = ^m(2.00x 1CT 15 m) 2 
The moment of i nerti a about a perpend i cu I ar axi s i s 
/ x = m(|] + mj^j =^(2.00xia 10 m) 2 

The al lowed rotational energies are E rot = ^ jy (7 +1), so the energy 

h 2 

of the first excited state is E 1 =— . The ratio istherefore 

E ly _(n 2 /l y ) j x _(]/2)m(2.00xl0r 10 m) 2 
E Xx ~[n 2 /l x ) / y _ (4/5)m(2.00xl0r 15 m) 2 

=|(l0 5 pfe ^ 2 5xl0 9 | 


Section 43.3 Bonding in Solids 

P43.24 (a) Consider a cubical salt crystal of edge length 0.1 mm. 

The number of atoms is [ —1 =6x 10 16 [^■10 L7 | . 

( 0.261x 10 9 m J 1 - 1 

(b) This number of salt crystals would have volume 

(icr 4 m) 3 6x 10 16 =6x 10 4 1-10 5 m 3 

If it is cubic, it has edge length 40 m. 
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P43.25 


P43.26 


The ionic cohesive energy is 


U = 


a k p e 2 f 


=-(l.7476)(a99xl0»)(^gj 
=-1.25xl(r 18 J = 1-7.83 eV | 


Weassumethe ions are all singly ionized. The total potential energy is 
obtained by summing over all interactions of our ion with others: 


U=lk e ^L 


-i 


r r 2r 2r 3r 3r Ar 4r 


But from Appendix B.5, 

■ . . x 2 x 3 x 4 

ln(l +x) = x —— +— - — +••• 

2 3 4 

Our series follows this pattern with x =1, so the 
potential energy of one ion dueto its 
interactions with all the others is 


©ooooS 



2r 


1 3 r 1 

ANS. FIG. P43.26 


U ={-2\r\2)k e — = 


-kji— where a =21 n 2 


Section 43.4 Free-Electron Theory of Metals 
Section 43.5 Band Theory of Solids 
P43.27 Taking E f = 5.48 eV for sodium at 800 K, 


m-- 


d E - E ' ),k ° T +i 


^E-E F )/fc B 7_ 


m 


Then, 


^=H 


1 
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P43.28 


P43.29 


P43.30 


©2014Cengage Learning 


and E=E f 4Vl n LjL-lj 

substituting numerical values, 

E= 5.48 eV + (l.38x 1CT 23 J/ K) 

x(l.602xl(r 19 eV/j)(800K)ln^^^-lj = |5.28eV| 


(a) 

The Fermi energy is proportional to the spatial concentra¬ 
tion of free el ectrons to the two-thirds power. 

(b) 1 

From Equation 43.25, 


F 2m{Qjt) 

(e^exior^js) 2 f 3 f 3 n 2/ 3 
2(9.11xl(T 31 kg)(l.60x 1CT 19 J /eV) l 8tt J ^ 


becomes 

E ¥ =(3.65x 10r 19 )nf 

whereF F is in electron volts and n e in electrons per cubic meter. 

(c) Copper has the greater concentrati on of free el ectrons by a factor 
of 


n e (Cu) _8.46x 1CT 19 m 3 
n e [ K) 1.40x 1CT 19 rn“ 3 ^ 

(d) [Copper] has the greater Fermi energy, 7.05 eV. 

(e) The Fermi energy is Iarger by a factor of 7.05 eV/2.12 eV =[C 


(f) This behavior agrees with the proportionality because E F ~ n^ 3 
and 6.04 2/3 =3.32. 


The melting point of silver is 1234 K. Its Fermi energy at 300 K is 
5.48 eV. The approximate fraction of electrons excited is 


kjjl.38xicr 23 J/K)(l234K) 

E f (5.48 eV)(l.60x HT 19 J/eV) 21 


(a) Setting the kinetic energy equal to the Fermi energy, 
^mv 2 =7.05 eV 


. All Rights Reserved. M ay not be scanned, copied or duplicated, or posted to a publicly accessiblewebsite, in whole or in part. 




1076 Molecules and Solids 


P43.31 


P43.32 


we solve for the speed of the conduction electron as 


v=. 


] 2{l.05e\/)[l.Q0xlCr 19 J/eV) 
9.11x 1(T 31 kg 


=1.57x 10 6 m/ s = |1.57Mm/s| 


(b) Compared to the drift velocity of 0.1 mm/ s = 1CT 4 mm/ s, the 
[speed is larger by ten orders of magnitude-1 The energy of an 

electron at room temperature is typically k B T =-^ eV. 

(a) From Equation 43.26, 

e„ g =|e f =0.6(7.05 €W) = [423^1 

(b) The average energy of a molecule in an ideal gas is |ac b T sowe 
have 


2 4.23 eV 1.6 x 1 (T 19 J 

31.38x 1(T 23 J/ K 1 eV 


=|3.27x 10 4 Kl 


For edged =1.00 mm, 

\/ =cP =(l.00x lQr 3 m) 3 =1.00x 10 9 m 3 


The density of states is 


g[E)=CE^ 2 


&j2n m 3/2 c]/2 
h 3 


or 

9{E) "T V( 400 ^)( 1 - 60xl0- “ J/^) 

(6.626x 1CT 34 J • s) 

g[E) =8.50x 10 46 m 3 J 1 =1.36x 10 28 rrf 3 ■ eV 1 
So, the total number of electrons is 
N =[g(E)](AE)V 

=(l.36x 10 28 m 3 eV 1 )(0.0250eV)(l.00x 1CT 9 m 3 ) 

= | 3.40x 10 17 electrons] 
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P43.33 Forsodium,M = 23.0 g/ mol and p =0.971 g/ cm 3 . Sodium contributes 
one electron per atom to the conduction band. 

(a) The density of conduction electrons is 

_N A p _(6.02x 10 23 electrons/mol)(0.971 g/ cm 3 ) 

M 23.0 g/mol 


n e =2.54x 10 22 electrons/ cm 3 = |2.54xl0 28 rm 3 ] 


P43.34 


From Equation 43.25, 




(e^exicr^js) 2 

'3(2.54xl0 28 m- 3 )" 

” 2(9.11xl0r 31 kg) 

8n 


=5.05xl0r 19 J = | 3.15 eV| 


From Equation 43.24, the number density of free electrons is 


n e 


2 Ss/2nm^ 2 3,2 

: 3 

2 8>/^r(9.11x Kr 31 kgf 2 

3 (6.626x HT 34 .! • s) 3 


(5.48evf 2 | 


1.602 x 1(T 19 J ^ 2 

leV J 


=5.83x 10 28 m“ 3 


Then, the number density of atoms in the metal is 
_nN A _mN A _pN A 

^ atoms My 

_ (4.90 x 10 3 kg/ m 3 )(6.02 x 10 23 mol 1 ) 
0.100 kg/ mol 
= 2.95 x 10 28 rrf 3 


Then the number of free electrons per atom is 
n e _ 5.83 x 10 28 m 3 = 
n atoms 2.95 x 10 28 m' 3 


Therefore, there are approximately two free electrons per atom for this 
metal, notone. 
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P43.35 


P43.36 


P43.37 


From Table 43.2, the Fermi energy for copper at 300 K is 7.05 eV. From 
Equation 43.19, the Fermi-Dirac distribution function, the occupation 
probability is 


m= 


£E-E f yk B T + 1 ~ ^0.9 QE f -E f VI<bT + 1 

1 

" ^-0.01(7.05 eV)(1.602xl0r M J/ cV)]/ [(1.381X1CT 23 J/ KX300 K)] + ^ 


From Equation 43.19, the Fermi-Dirac distribution function, the 
occupation probability is 


m= 


i i 

£E-E f )/ k B T + 1 - £$E f -E f )/ kgT + 1 - 


1 

)E F /k B T + -|_ 


Consider first the wave function inx. Atx =0andx =L,y/ = 0. 
Therefore, 


si nk x L =0 and k x L =k, 2 k, 3 n, ... 
Si mi I arly, si n k y L =0 and k y L = k, 2k, 3k, ... 
and si nkj. =0 and k z L =n, 2 k, 3k, ... 
Then, 


¥ 



From Schrodinger's Equation, ^rT + ^rr + ^T = ^r(U -E)yr , we 
dx By dz h 

have insidethe box, where U = 0 , 




Therefore, 

E=J fcV ( 2 2 2\ n i, 2 ^ 

2m e L zy y ' y 

Outside the box we require ^=0. The minimum energy state inside 

3/j 2 7T 2 

the box isn y =n u =n y =1, with E = - 7 . 

y 2 m e L 2 
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P43.38 


P43.39 


The density of states at the energy E is g(E) =CE V 
(a) H ence, the requ i red rati o i s 

R _ g( 8-50 eV) _ C(8.50) V2 


g( 7.05 eV) C(7.05) V2 ^ 

(b) From Equation 43.22, we see that the number of occupied 
states between energy E and energy E +dE is 


N(E)dE = 


^e-e f ),k b t + 1 u 


H ence, the requi red ratio is 

_ N (8.50 eV) _ |a50r+ll 

arup'fflfiate N (7 05 eV ) 7 05 [ ef a5C ^ 7 05)/ k * T +lj 

AtT =300 K, we compute 

K B T =(l.380 65x icr*i)(300.000 K 
=0.025 852 OeV 

50 

With an exponent of 56.1, the derivative of the exponential 
function is so large that none of the digits in 9.61 is really 
significant. Different-looking answers would result from 
different choices of how precisely to represent the input data. 

(c) The answer to part (b) is vastly smaller than the answer to (a). 
Very few states well above the Fermi energy are occupied at room 
temperature. 

We are to compute 

E ^=}j? NiE)dE 

wherefrom Equation 43.22, 


with 


8sj2nmf 2 
h 3 


ButatT =0 the Fermi-Diracdistributionfuncti on is f(E) =0forE >E F , 
and f[E) =lforE <E f . So we can take N [E) =CE V2 just for energies 
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up to the Fermi energy. The average we want is then 


=- f £ 'CE» 
n 


= 2C^2 
5 n e F 


But from Equation 43.24, — =-Ef 
n. 2 


, so 



Section 43.6 Electrical Conduction in Metals, Insulators, 
and Semiconductors 


P43.40 


P43.41 


(a) 


If A < 1.00 jum =1.00x 10 3 nm, then photons of sunlight have 
energy 


he _ 1240 eV ■ nm 
~ l-OOx 10 3 m 


=1.24 eV 


(b) 


[The gap should be less than or equal to 124 eV.| 

Because si I icon has an energy gap of 1.14 eV, it can absorb 
the energy of nearly all of the photons in sunlight and isan 
appropriate material for a solar energy collector. 


(a) E g = 1.14 eV for Si. The photon energy, given by E =hf, must be at 
least this energy. Then, 

E _(1.14 eV)(1.602 x HT 19 J/ev) 

~Ti 6.626x 1CT 34 J s 

=2.76xltf 4 Hz =276x 1& 2 Hz = |276THz 


(b) From c =Af, 

1 = 7 = 2 75x ltf^^ =L09x 10-6 m = I L09<LJTI I < infrared ) 


P43.42 


(a) From Table43.3, the energy gap for CdS is 2.42 eV, so photons of 
energy greater than 2.42 eV wi 11 be absorbed, correspondi ng to 
wavelengths shorter than 



1240 eV ■ nm 
2A2 0 


=512 nm 


A11 the Bal mer I i nes I i e between the shortest (seri es I i mi t) 
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P43.43 


P43.44 


P43.45 


P43.46 


> 2, with energy 


produced by the transition n=< 

AE =13.6 eV =3.40 eV 

, he 1240 eV-nm 
is A =— =———— =365 nm 

E 3.40 eV 

The longest produced by the transition n = 3^ 2, with energy 


AE=B.6^^T_^=i.a 


eV 


, he 1240 eV- nm ___ 

A =— =— ——— — =656 nm 
E 1.89 eV 


[All the hydrogen Balmer Iines except for the red Iineat656nn^ 


[will be absorbed] 

(b) [The red lineafc.6gfr.fim will be transmitted] 

The energy-bang gap is 

_hc _ 1240 eV ■ nm ^ ryg]^/] 

9 A 650 nm U - 1 

The wavelength 0.512 jL/m =512 nm. The corresponding photon energy 
is just sufficient to promote an electron across the gap. 

E _hc_ 1240eV-nm 
9_ T 512 nm 

If the photon energy is 5.47 eV or higher, the diamond window will 
absorb the photons. H ere, 

(hf) =5.47 eV 

max A mjn 

which gives 


- = | 2.42 eV | 


he 


1240 eV ■ nm 


= | 227 nm| 


min 5.47 eV 5.47 eV 
(a) In the Bohr model we replace^ by kjK and m e by m*. Then the 

radius of the first Bohr orbit, a 0 =—— y in hydrogen, changes to 
m.k.e 



{ m eV a 

{m*J m e k e e 2 

U*J 0 


(b) Substituting numerical values, 


a ' = (^) Ka ° 


m e 

1 0.220m f 


(11.7)(0.052 9 nm) = |2.81nm| 
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kd 1 

(c) The energy I evel s for hyd rogen are E n =—-— ? M aki n 9the 

2 n 

replacements k e -> kjK and -> d, we have 

E , _ „.. tyy 1 ^ 1 

" 2[(m e /m*)Rra 0 ]n 2 2Rr 2 [(m,/m*)a 0 ]n 2 

=--f" 

4' 


T m* Y k e e 2 1 'j 

( m*^|E n 

{m e ){ 2a 0 n 2 ) 

\ m e J * 2 


(d) For n = 1, 
E 


2 = - a 2 Kw)= E 5 ggg ' 


Section 43.7 Semiconductor Devices 
P43.47 Equati on 43.27 i s 

/ =/ o (^w_i) 

Thus, <*“W = 1 ' 

'o 

and AV =-^lnf 1+—1 

e l 'oJ 


AtT =300 K, 


(1.38X1CT 23 J/K)(300K) 
1.60x 1CT 19 C 



= (25.9 mV) In 



(a) If/=9.00 0 , 

AV =(25.9 mV)In(10.0) = |59.5 mV| 


(b) If/=-0.900/ 0 , 

AV =(25.9 mV) In (0.100) = |-59.5mV| 

The basic idea behind a semiconductor device is that a large current or 
charge can be control led by a small control voltage. 
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P43.48 (a) Thecurrent in the diode, and thusin all elements of the series circuit, 

is / =/ 0 (^ v,i<bT - 1). A ppl i ng K i rchhoff's I oop ru I e i n the d i recti on of 
thecurrent, going through the negative to the positive side of the 
battery, then through the diode, and then the resistor, we get 
e-AV-IR =0 
e-A v-ifi^w-i) =o 
or £- AV =1 q r(^ av,i<bT -1) 

(b) The graphs to be plotted are the voltage across the resistor, 


A ^resistor =/« =(L00x HT 6 A )(745 q)(^/° 025 ° v - l) 
=(7.45xl0r 4 A)(^' //0 025V -l) 
and the voltage across the battery and diode combined, 
A\/ bd =£ — AV =2.42 V-AV 
The graphs are plotted in A NS. FIG. P43.48 below. 






ANS. FIG. P43.48 


(c) Thetwo graphs intersect at AV =0.200V. The current is then 

/ =(l.00x 1CT 6 A )( e P2oov/o.o25ov _ =2 .98 x 1(T 3 A = |2.98mA| 

(d) The ohmic resistance of the diode is 



= |67.1 Q | 


(e) The dynamic resistance of the diode is 


Ram* =d(AV)/d =[dt/d(AV)l 1 
where / =/ 0 (# lw -1). Then, 
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P43.49 


P43.50 


Therefore, 


_ d( AV) J dl fjefp 


~[d(AV)\ 


[jWwl 

l ksT \ 


_[ l.OOx 1CT 6 A n .200 V/0.0250V 1 _|o og q 

L 0.0250 V J U - 1 

First, we evaluate^ in / =l 0 (d* v/l<BT , given that / =200 mA when 
AV =100 mV and T =300 K. 

eAV _(l.60xl0r 19 c)(0.100V) _ oog 
k B T “(1.38x10 23 J/K)(300K) _3 ‘ 

. / 200 mA . „ . 

50 ~^Av)/kgT _ -j_ e 3 . 86 _ ^ -4.28 mA 

If V =-100 mV, =-3.86; and the current will be 

k B T 

, = / o (^W _ = ( 428 mA )(e" 3 86 - 1) = |-4.19mA| 


From Equation 43.27, the current in the diode is a function of AV is 
/(AV)=/ 0 (^ r -l) 
where/f B r = 0.025 0 eV. Therefore, 


/(+AV)_ / 0 (^ w -l) _ e?^ r -l 
/ (-AV) / 0 (^- A W -l)“ ^- AV) ^ r - 1 


/ (+1.00 V) _ e 100 / 00250 -1 _ -1 

|(-100 V) ~ e 10Q/00250 - 1 “ e 40 - 1 


|-2.35x Iff 7 


Section 43.8 Superconductivity 
P43.51 (a) See A NS. FIG. P43.51. 



ANS. FIG. P43.51 
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(b) Treat the rod as a solenoid. For a surface current around the 
outside of the cyl i nder as shown, B =— , or 


P43.52 


w/ =g,Ja 5 40T)(2 50xl^m) = 

p 0 4n x 1CT 7 T • m/A - 

(a) In the definition of resistance, AV =IR-,\fR is zero, then AV =0 
for any val u e of the cu rrent. 

(b) SeeANS. FIG. P43.52. The graph is linear. 



oi^- i-,-.-, 

0 12 3 4 

*V cd (mV) 

ANS. FIG. P43.52 


(C) 


The graph shows a direct proportionality with resistance given by 
the reciprocal of the slope: 


slope 


A/ _1 _ (155-57.8) mA 
AV R (3.61-1.356) mV 


=43.1 Q 1 


so, R = 0.023 2 Q 

(d) The expulsion of magneticflux, and therefore fewer current- 
carrying paths through the superconductor, could explain the 
decrease in current. 


P43.53 By Faraday's law: —- =L — =A — ,thus 

At At At 

A (AS) [^(0.0100m) 2 ](0.0200T) 

Al = ~L~ = 3.10x 1CT 8 H =203 A 

The cu rrent generated i n the ri ng i s |203A to produce a magnetic field] 
|i n the d i recti on of the ori gi nal f i dd| through the ri ng. 
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Additional Problems 

43.54 For the N 2 mol ecu I e, k= 2 297 N/ m, m =2.32 x lOr^kg, and 
r = 1.20 x 1CT 10 m. The reduced mass is, from Equation 43.4, 

_ mm _m 
^ m+m 2 

The frequency of vibration for the molecule is, from Equation 43.8, 
co =4.45x 10 14 rad/s 

and the moment of inertia is, from Equation 43.3, 

I =/j r 2 =(l.I6x 1CT 26 kg)(l.20xia 10 m) 2 
=1.67x10 46 kg-m 2 

The allowed vibrational energies are, from Equation 43.9, 

E vib = (' /+ '^)^ £y ' where v =1, 2, 3... 

The first excited vibrational state is above the vibrational ground state 
by the energy difference A E =hco. For the rotational state that is above 
the rotational ground state by the same energy difference, we require 

^JU + l) = tuo 

or 

2 !(o_ 2(l.67x 10r 46 kg■ m 2 )(4.45x 10 14 rad/s) 

J ^ J+ f P 1.055x 10 34 J ■ s 

= 1410. 

Thus, by inspection, |J =37| . 

P43.55 From Equation 43.9, the allowed vibrational energies are 

£ V ib where v =1, 2, 3... 

For the vibrational energy level that is just below the dissociation 
energy, we require 

E vib =^ v+^hco < E max =4.48 eV 
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P43.56 


, E 1 E 1 

Or, y<_max--—max_- 

fico 2 hco 2 

(4.48 eV)(l.60x 1CT 19 J/eV) 1_ 

[6.626x 1(T 34 J • s/2tt](8.28x 10 14 rad/ s) “ 2 ” 7 ' 7 

Therefore, because v is an integer, \v=7\ . 

k B 

(a) The total potential energy U tota , =-a-y- +—, given by Equation 
43.17, has its minimum value at the equilibrium spacing, r =r 0 . At 
c/LH 


this point, F = 


= 0 : 




k p e 2 mB 


which gives 

n k p e 2 


Substituti ng this value of B intoF, we have 




-+- 

r z r' 


m 


Tn ="« 




(b) Letr =r 0 +x, so r 0 =r-x. Then assuming x is small we have, 

This is of the form of Hooke's law with spring constant 

„ kae 2 , 

'o 

(c) Figure 38.22 (in Section 38.5 on electron diffraction) gives the 
distance from sodium ion to sodium ion as 0.562 737 nm. 
Therefore, the interatomic spacing in N aCI is 

r 0 =(0.562 737 nm)/ 2 = 0.281 369 x 10r 9 m 
Other problems in this chapter give the same information, or we 
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could calculate it from the statement in Section 43.3 that the ionic 
cohesive energy for this crystal is-7.84eV. Using Equation 43.17, 

U 0 =-a^-( 1--) =-7.84 eV 
r 0 V m) 

Solving for r 0 , 



(8.99xl0 9 N m 2 /C 2 )(l.60xl0r 19 c)V l\ 

~~ a (-7.84 eV )(l.60x 1CT 19 J/ eV) l 1_ 8j 

=2.81x 1(T 10 m 
The stiffness constant is then 

K = a ^4-(m- 1 ) 

r 0 

. J8.99xl0 9 N m 2 / C 2 )(1.60x 10“ 19 C) 2 (8-l) 

^ (2.81x 1CT 10 m) 3 

=127 N/ m 

The vibration frequency of a sodium ion (m =23.0 u) within the 
crystal is 


f 1 


1 127 N/m 

2k i 

m 2 k \j 

23.o(l.66x 10 -27 kg) 


=9.18x 10 12 Hz =|9.18THz| 


P43.57 Because the average energy required to break one van der Waals bond 

is 1.74 x 1CT 23 J, and because the bond is between two atoms of the 
same kind, the energy required to remove one helium atom from the 
bond is half the total: 

1.74x 1CT 23 J/2 = 0.870 x 10 23 J 

Because each atom bonds with four other atoms, the energy required 
to remove one atom from al I four bonds is 

4(0.870x 10r 23 J) =3.48x 10r 23 J /atom 

The I atent heat of fusi on for hel i u m (i n jou I es per gram) i s the total 
energy requi red to break the bonds of al I the hel i um atoms i n a mol, 
expressed as energy/ unit mass: 


/ 3.48 x 1CT 23 J 

V 6.02 x 10 23 atoms 

/ 1 mol "j 

[ atom 

Jl mol J 

[ 400~gJ 
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P43.58 We assume the potential well isthatof a harmonic-oscillator. From 
Equation 43.9, the all owed energies of vibration of the molecule are 

Em = i v *i) hf 

To dissociate the atoms, enough energy must be supplied to raise their 
energy to the top of the potential well. The energy required to 
d i ssoci ate the atoms i n the grou nd state (\/ =0) is 4.48 eV; thus, the wel I 

depth is +4.48 eV. In the first excited vibrational stated =1), the 

dissociation energy is 3.96 eV; thus, the wel I depth is ^hf +3.96 eV. 
Then, the depth of the wel I is 

^ hf +4.48 eV =| hf +3.96 eV 

from which we see that hf =0.52 eV. Therefore, the depth of the well is 
hif + 4.48 eV = ^(0.520 eV) + 4.48 eV = |4.74eV| 

P43.59 The total potential energy is given by Equation 43.17: 


The total potential energy has its minimum valued 0 at the equilibrium 
spacing, r =r 0 . At this point, ^-1 =0, or 


dU_ 

dr r ^ 0 


k e e 2 


f)L 


k e e , mB 


which gives 


B =cc 



Substituting this value of B intod total , we arrive at 


,, /ce 2 k.e 2 m 
U 0 =-a — — \-a ——To 
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P43.60 (a) The results of the spreadsheet are shown in two parts, in TABLE 

P43.60(a) and TABLE P43.60(b) for /YE) = npip } tVt — . A NS. 

fL\ E l E F~ 1 ) T Fi/T _|_ 2 

FIG. P43.60 shows the graphs of the tabulated values. 

(b) Thefunction iscompared tothecaseT =0. See the table and 
graphs below. 



T =0 

T =0.1 T f 

E 

e f 

£[E/E F )-ljT F /T) 

m 


m 

0 

e“ 

1.00 

e 100 

1.000 

0.500 

e“ 

1.00 

e 500 

0.993 

0.600 

e"“ 

1.00 

e -40° 

0.982 

0.700 

e“ 

1.00 

e -3.oo 

0.953 

0.800 

e“ 

1.00 

e-2.00 

0.881 

0.900 

e” 

1.00 

e 100 

0.731 

1.00 

e° 

0.500 

e° 

0.500 

1.10 

e 400 

0.00 

e 100 

0.269 

1.20 

e*” 

0.00 

e 200 

0.119 

1.30 


0.00 

e 300 

0.0474 

1.40 


0.00 

e 400 

0.0180 

1.50 


0.00 

e 500 

0.006 69 


TABLE P43.60(a) 
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7 =0.27 f 

7 =0.57 f 

E 

e f 

£{E,E P )-i}(T F fT) 

f(E) 


f(E) 

0 

e 500 

0.993 

6 2 00 

0.881 

0.500 

e 2 ' 50 

0.924 

e 100 

0.731 

0.600 

e -2.oo 

0.881 

e -0.800 

0.690 

0.700 

e 1 ' 50 

0.818 

g-0.600 

0.646 

0.800 

e 100 

0.731 

g-0.400 

0.599 

0.900 

g-0.500 

0.622 

g-0.200 

0.550 

1.00 

e° 

0.500 

e° 

0.500 

1.10 

e 0.500 

0.378 

e 0.200 

0.450 

1.20 

e 100 

0.269 

e 0.400 

0.401 

1.30 

e 1.50 

0.182 

e 0.600 

0.354 

1.40 

e 200 

0.119 

e 0.800 

0.310 

1.50 

e 250 

0.075 9 

e 100 

0.269 


TABLE P43.60(b) 


Fermi-Dirac Distribution Function 
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P43.61 


(a) For equilibrium,—=0: 

dx 

—(Ax 3 - Bx 1 ) = -3Ax 4 + 6x 2 = 0 
dx x ’ 

x^oo describes one equilibrium position, but the stable 
equilibrium positionx 0 isat 

-3 Ax 0 4 +Bx 0 2 =0 


solving, 


X ° B 



f 3(0.150eV - nm 3 ) 
3.68 eV ■ nm 


0.350 nm | 


(b) The depth of the well is given by 

#J _ #J , _A B _ AB 3/2 BB y2 

0 U «"x 3 x 0 ~3 3/2 A 3/2 3^A* 2 


U 0 =U\ X=X 


2 B 3 ' 2 


2(3.68 eV ■ nm) 3/2 


3 3/2 A y2 3 3/2 ( 0.150 eV ■ nm 3 ) V2 


= 1-7.02 eV | 


(c) 


The force on the particle is given by F x = - =3Ax~ 4 -Bx 2 .To 

dx 

find themaximumforce, wedeterrninefinitex m such that 



dF, 

dx x=Xm 


=[-12Ax- 5 +2Bx- 3 ~\ =0 

L Jx=x 0 



(3.68 eV nm) 2 
12(0.150 eVnm 3 ) 


c w/ ( 1.60x 10> 19 J V 1 nm ^ _ __ irv9 M 

so =-7.52 cV/nm^ — J =-120x 1(7= N 

=-1.20 nN 

or, as a vector, |-1.20i nN | . 
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P43.62 


(a) For equilibrium, —— =0: 

dx 

—(Ax 3 - Bx 1 ) =-3Ax 4 +Bx 2 =0 
dx 

x—> describes one equilibrium position, but the stable 

equilibrium position x 0 is at 

-3 Ax 0 4 +Bx 0 2 =0 

Bx~ 2 =3Ax 0 4 



(b) The depth of the well is given by 


u 0 =u [ 


<=x 0 


A B _ AB 3/2 

v 0 ~ww 


bb ^ 2 _ n rw 

3 y2 A y2 V 27A 


(c) The force on the particle is given by F x = -=3 Ax^-Bx 2 . 

dx 

To find the maximum force, wedeterminefinitex m such that 


dF, 

dx x=Xm 


=[-124 x~ 5 +2Bx~ 3 ~\ x 


26 x' 3 =124 x“ 5 


=0 



F max 



B 2 

124 
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Challenge Problems 

P43.63 (a) Refer to Example 43.2 for details. Si nee the interatomic potential is 

the same for both mol ecu I es, the spri ng constant i s the same. 

Then, 


f 


Mm 


where 


^12 


(12 u)(l6 u) 
' 12 u +16 u 


=6.86 u and 


A4 4 


(14 u)(16 u) 
14 u +16 u 


=7.47 u 


Therefore, 


f = | [Z = ± 0S 

2tt ]j n 14 2k ]j /j 12 v /J 14 J 


=(6.42xlO 13 Hz 


\ [6.86 u 
1 7.47 u 



=|6.15x 10 13 Hz] 


(b) The equilibrium distance is the same for both molecules. 

it) 1 - 

/ i4 J Z^Z_^"|(i46x 10 46 kg ■ m 2 ) =|l.59xl0r 46 kgm 2 
v 6.86 u ) ' - 1 


(c) The mol ecu I e can move to the {v =1,J =9) state or to the {v =1, 
J = 11) state. The energy it can absorb is either 


“-T- 


H 


hf 14 + ii(n+i)^- 


hc , __ n 2 
1 =hFu+22 2T A 


= hf-,, + 11- 


1 °+ i J /i fl4 +1°( 10+1)^77 

hfr 

‘In 1 14 


r f * +u 2 ^ 
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P43.64 


“-T- 


[(H) 


«u+ 9(9+1)^- 


- [o-^]wj 4 +io(io+i)|- 


f= Wl4 -2o|- = hf 14 -10^- 

r f - 10 2^ 

The wavelengths it can absorb are then 
c 


A = - 


or A = - 


These are, 
A =- 


f 14 +lB/(2^/ 14 ) f 14 -10V(27r/ 1 

2.998x 10 8 m/ s 


„ f 11 1.055X lCT 34 J • s 1 
6.15x 10 13 H z + r L / ^ 'L 

[2k 1.59x1a 46 kg-m 2 ] 


=|4.78 jum| 


2.998x 10 8 m/ s 

~6.15xl(^Hz- r ^ 1 ° lLre5X T T H ) 

[ 2n (1.59x1a 46 kg -m 2 )] 


=|4.96 jum| 


(a) At equilibrium separation r =r e , 


=-2eB\e^-l]e^- 

dr _ L J 


We have neutral equilibrium as r e - 

g+.-i)_i ^ r ,=§ 


ro) =0 

and stable equilibrium at 


(b) Atr =r 0 , U =0. As r^°o,d -^B.Thedepth ofthewell is \B\. 

(c) We expand the potential in a Taylor series about the equilibrium 
point r =r 0 : 


t; ('')~U(r 0 ) + ^'-| ( r - r o) + ^7p-| 


left; I 


2 dr 2 
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or, 

U (r) - 0+ 0+ h-2Ba)\-2ae- Mr - ro) + ae ^ 1 (r- r 0 ) 2 

~Bf(r-r 0 ) 2 

This is of the form 


hx 2 =h(r-r 0 f 

for a simple harmonic oscillator with k=2Ba 2 . 
Then, the molecule vibrates with frequency 


f = 


2ji 


(d) The ground state energy is 


\hco - 




The energy at infinity is B. Therefore, to separate the nuclei to 
infinity requires energy 


ha nr 
n \ 8ju 
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lNSWERS to even-numbered problems 


P43.2 (a) 921 pN toward the other ion; (b) -2.88 eV 

P43.4 (a )E a =1.28eV; (b) <r =0.272 nm, e =4.65 eV; (c) -+6.55 nN; 

(d) 576 N/ m 

r ? a i 1 ^ 6 r 2 

P43.6 (a) r 0 =[—j m- 

P43.8 (a) 0.120 meV; (b) 19.3GHz 

P43.10 (a) 1.22 x 10r 26 kg; (b) 1.24 x 10‘ 26 kg; (c) They agree because the smal I 

apparent difference can be attributed to uncertainty in the data. 

P43.12 The incident photons have a wavelength longer than this, which 

means they have less energy than 0.359 eV. Therefore, these photons 
cannot excite the moleculeto the first excited state. 

P43.14 2.72 x 1CT 47 kg - m 2 

P43.16 iur 2 

P43.18 (a) 1.89x HT 45 kg - m 2 ; (b) E rot =18.4y (J +1), where E rot is in 

microelectron volts and J =0,1, 2, 3,.... 

P43.20 2.88x lCT 47 kg ■ m 2 

P43.22 64.1THZ 

P43.24 (a) ~10 17 ; (b) -10 5 m 3 

P43.26 U =-kjx— where a =2 In 2 

P43.28 (a) The Fermi energy is proportional to the spatial concentration of free 

electrons to the two-thirds power; (b) SeeP43.28(b) for full 
explanation; (c) 6.04; (d) Copper; (e) 0.333; (f) This behavior agrees 
with the proportionality because E F ~ n^ 3 and 6.04 273 =3.32. 

P43.30 (a) 1.57 MnVs; (b) The speed is larger by ten orders of magnitude. 

P43.32 3.40 X 10 17 el ectrons 

P43.34 There are approximately two free el ectrons per atom for this metal, not 
one (see P43.34for full explanation). 

P4336 ^8-UEp/fceT +1 

P43.38 (a) 1.10; (b) 9.42 x 10r 25 
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P43.40 (a) The gap should be less than or equal to 1.24 eV; (b) Because si I icon 

has an energy gap of 1.14 eV, it can absorb the energy of nearly al I of 
thephotonsin sunlight and isan appropriate material forasolar 
energy collector. 

P43.42 (a) A11 the hyd rogen Bal mer I i nes except for the red I i en at 656 nm wi 11 

be absorbed; (b) The red line at 656 nm will be transmitted. 

P43.44 2.42 eV 


P43.46 


(a) a' = f““rV a o; (b) 2.81 nm; (c) E' n 


( m*^E 

=- — -y; (d) -0.0219 eV 

[m e Jic 


P43.48 

P43.50 

P43.52 


P43.54 

P43.56 

P43.58 

P43.60 

P43.62 

P43.64 


(a) See P43.48(a) for full explanation; (b) SeeANS. FIG. P43.48; 

(c) 2.98 mA; (d) 67.1 Q; (e) 8.39 Q 

-2.35 x 10 17 

(a) In the definition of resistance AV = IR, if R iszerothen AV = 0for 
any value of current; (b) SeeANS FIG P43.52; (c) 0.023 2 Q; (d) 
Expulsion of magnetic flux, and therefore fewer current-carrying paths 
through the superconductor, could explain the decrease in current. 

J= 37 

(a) See P43.56(a) for full explanation; (b) See P43.56(b) for full 
explanation; (c) 9.18THz 

4.74 eV 


(a-b) See P43.60for full explanation. 


<a)x » = \/ir : (b,_2 



B 2 
12 A 


(a)r 0 ; (b)fl;(c) 


a 

n 


f— ;(d) B- — 


2 U 


nr 

\8/i 
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1100 Nuclear Physics 


OQ44.3 

OQ44.4 

OQ44.5 


OQ44.6 

OQ44.7 

OQ44.8 

OQ44.9 


OQ44.10 


Answer (c). The emitted particle is not a nucleon because there is no 
change in nucleon number, and conservation of charge requires 
15 = 16 + Z —> Z = -1, so the emitted particle is an electron. From 
Equation 44.19, we see that “P decays by means of beta decay: 

15 P 16 S +-i e +v e . 

Answer (d). In a large sample, one half of the radioactive nuclei 
initially present remain in the sample after one half-life has elapsed. 
Hence, the fraction of the original number of radioactive nuclei 
remaining after n half-lives have elapsed is (l/2) n = l/2 n . In this case 
the number of half-lives that have elapsed is At/T 1/2 =14 d/3.6 d ~ 4. 
Therefore, the approximate fraction of the original sample that 
remains undecayed is 1/2 4 = 1/16. 

(i) Answer (b). Since the samples are of the same radioactive 
isotope, their half-lives are the same. 

(ii) Answer (b). When prepared, sample G has twice the activity 
(number of radioactive decays per second) of sample H. The 
activity of a sample experiences exponential decay also; 
therefore, after 5 half-lives, the activity of sample G is decreased 
by a factor of 2 5 , and after 5 half-lives the activity of sample H is 
decreased by a factor of 2 5 . So after 5 half-lives, the ratio of 
activities is still 2:1. 

Answer (b). A gamma ray photon carries no nucleon number and no 
charge, so there can be no change in these quantities. 

Answer (c). The nucleus 4 gX contains A = 40 total nucleons, of which 
Z = 18 are protons. The remaining A - Z = 40 - 18 = 22 are neutrons. 

Answer (b). Conservation of nucleon number requires 144 = 140 + A 
—> A = 4, and conservation of charge requires 60 = 58 + Z —> Z = 2. 
The particle is \X = 4 He. 

Answer (d). The Q value for the reaction ®Be + 4 He —> 12 6 C + ( 'n is 
(using masses from Table 44.2) 

Q =(A m)c 2 =(m, Be +m tiie -mn c -m n )c 2 
=[9.012182 u +4.002 603 u 

-12.000 000 u-1.008 665 u]x (931.5 Mev/u) 
=5.70 MeV 

(i) Answer (a). The liquid drop model gives a simpler account of a 
nuclear fission reaction, including the energy released and the 
probable fission product nuclei. 
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(ii) Answer (b). The shell model predicts magnetic moments by 
necessarily describing the spin and orbital angular momentum 
states of the nucleons. 

(iii) Answer (b). Again, the shell model wins when it comes to 
predicting the spectrum of an excited nucleus, as it allows only 
quantized energy states, and thus only specific transitions. 

OQ44.11 Answer (d). A free neutron can undergo beta decay into a proton 

plus an electron and an antineutrino because its mass is greater than 
the mass of a free proton. Energy conservation prevents a free proton 
from decaying into a neutron plus a positron and a neutrino. (A 
proton bound inside a nucleus can undergo beta decay into a neutron 
if the final mass of the nucleus is less than that of the original 
nucleus, as for example in the beta decay of sodium-22: 
iiNa —> e + +v + igNe.) 

OQ44.12 Answer (d). The reaction energy is the amount of energy released as 
a result of a nuclear reaction. Equation 44.29 in the text implies that 
the reaction energy is (initial mass - final mass) C 2 . The Q -value is 
taken as positive for an exothermic reaction. 

OQ44.13 Answer (c). To conserve nucleon number (mass number), it is 
necessary that A +4 = 234, or A = 230. Conservation of charge 
(atomic number) demands that Z + 2 = 90, or Z =88. 


JMSWERS TO CONCEPTUAL QUESTIONS 


CQ44.1 The alpha particle and the daughter nucleus carry equal amounts of 
momentum in opposite directions. Since kinetic energy can be 

written as , the small-mass alpha particle has much more of the 
decay energy than the recoiling nucleus. 

CQ44.2 The statement is false. Both patterns show monotonic decrease over 
time, but with very different shapes. For radioactive decay, 
maximum activity occurs at time zero. Cohorts of people now living 
will be dying most rapidly perhaps forty years from now. Everyone 
now living will be dead within less than two centuries, while the 
mathematical model of radioactive decay tails off exponentially 
forever. A radioactive nucleus never gets old. It has constant 
probability of decay however long it has existed. 

CQ44.3 An alpha particle contains two protons and two neutrons. Because 

the nuclei of heavy hydrogen (D and T) contain only one proton, they 
cannot emit an alpha particle. 





1102 Nuclear Physics 


CQ44.4 


CQ44.5 


CQ44.6 


CQ44.7 


CQ44.8 


CQ44.9 


In alpha decay, there are only two final particles, the alpha particle 
and the daughter nucleus. There are also two conservation 
principles, energy and momentum, that apply to the process. As a 
result, the alpha particle must be ejected with a discrete energy to 
satisfy both conservation principles. Beta decay, however, is a three- 
particle decay involving the beta particle, the neutrino (or 
antineutrino), and the daughter nucleus. As a result, the energy and 
momentum can be shared in a variety of ways among the three 
particles while still satisfying the two conservation principles. This 
explains why the beta particle can have a continuous range of 
energies. 


Carbon dating cannot generally be used to estimate the age of a rock, 
because the rock was not alive to receive carbon, and hence 
radioactive carbon-14, from the environment. Only the ages of 
objects that were once alive can be estimated with carbon dating. 

The larger rest energy of the neutron means that a free proton in 
space will not spontaneously decay into a neutron and a positron. 
When the proton is in the nucleus, however, you must consider the 
total rest energy of the nucleus. If it is energetically favorable for the 
nucleus to have one fewer proton and one more neutron, then the 
process of positron decay will occur to achieve this lower energy. 

/ refers to nuclear spin quantum number. 


(a) l z may have 21 +1 =2 — +1 =6 values for / =—, namely j 


1 1 3 

-, —, —, and - 

2 2 2 


(b) For / = 3, there are 2/ + 1 = 2(3) + 1 = 7 possible values for l z . 


Extra neutrons are required to overcome the increasing electrostatic 
repulsion of the protons. The neutrons participate in the net 
attractive effect of the nuclear force, but feel no Coulomb repulsion. 

Nuclei with more nucleons than bismuth-209 are unstable because 
the electrical repulsion forces among all of the protons is stronger 
than the nuclear attractive force between nucleons. 


CQ44.10 The nuclear force favors the formation of neutron-proton pairs, so a 
stable nucleus cannot be too far away from having equal numbers of 
protons and neutrons. This effect sets the upper boundary of the 
zone of stability on the neutron-proton diagram. All of the protons 
repel one another electrically, so a stable nucleus cannot have too 
many protons. This effect sets the lower boundary of the zone of 
stability. 
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CQ44.11 

CQ44.12 

CQ44.13 

CQ44.14 

CQ44.15 

CQ44.16 

CQ44.17 


Nucleus Y will be more unstable. The nucleus with the higher 
binding energy requires more energy to be disassembled into its 
constituent parts and has less available energy to release in a decay. 

After one half-life, one half the radioactive atoms have decayed. 

After the second half-life, one half of the remaining atoms have 
113 

decayed. Therefore, — +— =— of the original radioactive atoms have 
decayed after two half-lives. 

Long-lived progenitors at the top of each of the three natural 
radioactive series are the sources of our radium. As an example, 
thorium-232 with a half-life of 14 Gyr produces radium-228 and 
radium-224 at stages in its series of decays. 

Yes. The daughter nucleus can be left in its ground state or 
sometimes in one of a set of excited states. If the energy carried by 
the alpha particle is mysteriously low, the daughter nucleus can 
quickly emit the missing energy in a gamma ray. 

The alpha particle does not make contact with the nucleus because of 
electrostatic repulsion between the positively-charged nucleus and 
the +2e alpha particle. To drive the alpha particle into the nucleus 
would require extremely high kinetic energy. 

The samples would have started with more carbon-14 than we first 
thought. We would increase our estimates of their ages. 

The photon and the neutrino are similar in that both particles have 
zero charge and little or no mass. (The photon has zero mass, but 
evidence suggests that neutrinos have a very small mass.) Both 
particles are capable of transferring both energy and momentum. 
They differ in that the photon has spin 1 and is involved in 
electromagnetic interactions, while the neutrino has spin i, interacts 
through the weak interaction, and is closely related to beta decay. 
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Section 44.1 Some Properties of Nuclei 

P44.1 The average nuclear radii are r = rj^ 1/3 , where r 0 = 1.2 x 10“ 15 m = 1.2 fm 
and A is the mass number. 


(b) For 2 °Co, 

(c) For ^Au, 

(d) For gfPu, 


r=(l.2fm)(2) 1/3 = ^5fa1 
r =(1.2 fm)(60) 1/3 = |4.7 fm| 
r =( 1.2 fm)(l97) 1/3 = |7.0 fm| 
r =(l.2 fm)(239) 1/3 = |7.4fm| 


P44.2 (a) Approximate nuclear radii are given by r = r^A 1/3 . Thus, if a 

nucleus of atomic number A has a radius approximately two- 
thirds that of 2 ^Ra, we should have 

r=r„A v3 =|r 0 (230) V3 
or /A =|1(230)=^(230) = IM] 

(b) ^)ne possible nucleus is ^Znj . 

(c) Isotopes of other elements to the left and right of zinc in 
the periodic table (from manganese to bromine) may 
have the same mass number. 

P44.3 (a) The initial kinetic energy of the alpha particle must equal the 

electrostatic potential energy at the distance of closest approach. 

is _W 


_k e cQ _(8.99xl0 9 N• m 2 /C 2 )(2)(79)(l.60x 10~ 19 c) 2 
Ki (0.500 MeV)(l.60x 1CT 13 J/MeV) 

=4.55 x 10~ 13 m =455 x 10“ 15 m = |455 fm| 

(b) Following the same logic as in part (a), 

1 2 k p qQ 

2 “ ' r in 
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P44.4 


P44.5 


P44.6 


Now, for r min = 300 fm = 300 x 10 15 m, solving for the initial 
velocity gives 



_ 12(8.99xlO 9 N m 2 /C 2 )(2)(79)(l.602xl0~ 19 cf 
~]j (6.645 x 1CT 27 kg)(300 x 1CT 15 m) 

Vj = | 6.05 x 10 6 m/s | 


An iron nucleus (in hemoglobin) has a few more neutrons than 
protons, but in a typical water molecule there are eight neutrons and 
ten protons. So protons and neutrons are nearly equally numerous in 
your body, each contributing mass (say) 35 kg: 


(a) 35 kg 


1 nucleon 


1.67 x 1CT 27 kg 


- 10 28 protons | , 


(b) and | ~ 10 28 neutrons | . 


(c) The electron number is precisely equal to the proton number, 
| ~ 10 28 electrons] . 


(a) “ Cu has an A number of 65, so the radius of its nucleus is 
r =r 0 A 1/3 =(1.2 fm)(65) 1/3 = |4.8fm| 


(b) The volume of the nucleus, assumed to be spherical in shape, is 

V =|*rr 3 =^n[r 3 A] =|^[(l.2xl0“ 15 m) 3 (65)] 

= |4.7xl0~ 43 m 3 l 

(c) The density of the nucleus is 

_m _ Am _3 m _ 3(l.66xl0“ 27 kg) 

P ~ V w [r 0 M ] _4 * r ° _ te(l.2xl0-' 5 mf 

= |2.3xlO 17 kg/m 3 1 


From M e =p n V =p n (4^r 3 /3) , we find 



\ 1/3 

3(5.98xlO 24 kg) 

yAn p n 

J = 

47T(2.30x 10 17 kg/m 3 ) 


= | 184 m| 
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P44.7 


P44.8 


P44.9 


The number of neutrons in a star of two solar masses is 


2(l.99xlO 30 kg) 
1.67 xlO -27 kg/neutron 


- =2.38 x 10 57 neutrons 


Therefore, 


r=r 0 A 1 ' 3 =(l.20xlCT 15 m)(2.38xl0 57 


=1.6xl0 4 m = 16 km 


(a) The electric potential energy between two protons is 


U =k e ^L =k e — 


=(8.99xlO 9 N-m 2 /C 2 ) 


(l.60xl0“ 19 C) 2 


4.00 xl0“ 15 m 


/ leV ^ 

( 1 MeV ^ 

\ 1.60xlO" 19 J J 

UO 6 eVj 


= | 0.360 MeVl 


(b) 


Figure P44.8 shows the highest point in the curve at about 
4 MeV, a factor of ten higher than the value in (a). 


By energy conservation, 
1 


mv 2 =qAV: 2m AV =qr 2 B 2 


By Newton's second law, 

mv 2 

- =qvB: 




2mAV 


Comparing radii for particles with different masses but with the same 
charge, we find that 


r 2 _ yl2m 2 AV/qB 2 
h yj2m^AV /qB 2 

For 12 C: m 1 = 12 u and r 1 = 7.89 cm 
For 13 C: 

r x 7.89 cm Jm x VhT 


[ 82 k 
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P44.10 


*P44.11 


By energy conservation, 
1 


mv 2 =qAV: 2m AV =qr 2 B 2 


By Newton's second law. 


Comparing radii for particles with different masses but with the same 
charge, we find that 


r_2 _ ^2m 2 AV/qB 2 _ Jm~ 2 ^ 
h yjlm^AV /qB 2 JrrTi 
(a) The magnitude of the maximum Coulomb force is given by 

F 


rL 

(8.99xlO 9 N-m 2 /C 2 )[(2)(6)(l.60xl0- 19 c) 2 
(l.OOxlO -14 m) 2 

= |27.6N| 

(b) From Newton's second law, 

F 27.6 N 


m a 6.64x10 27 kg 


= 4.16xl0 27 m/s 2 


(c) The potential energy of the system at the time of the maximum 
force is 

u _ Km. 


[(8.99xlO 9 N-m 2 /C 2 )[(2)(6)(l.60xl0- 19 c) 2 
' (l.OOxlO -14 m) 


=11.73 MeV 


■f lev 1 

f 1 MeV 

\ 1.60xlO’ 19 J J 

UO 6 evj 
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P44.12 


P44.13 


P44.14 


We obtain the alpha particle's momentum from 

E n =7.70 MeV =-mv 2 =-^l- mv =J2mE„ 

a 2 2 m v « 

(a) The de Broglie wavelength of the alpha particle is (mass from 
Table 44.1) 


= _ 6.626xIQ' 34 Js _ 

^2(6.64x 10 -27 kg)(7.70xl0 6 eV)(l.60 x 10" 19 j/eV) 
=5.18 x 10“ 15 m;f |5.18 fm| 

(b) Since |A is much less than the distance of closest approach,) the 
alpha particle may be considered a particle. 

The volume of each of the golf balls is 

\/ =^r 4 =|;r(0.0215m) 3 =4.16xl0“ 5 m 3 

We take the nuclear density from Example 44.2. Then, the mass of a 
golf-ball sized nuclear matter is 

m =pV =(2.3 xlO 17 kg/m 3 )(4.16xl0" 5 m 3 )=9.6xl0 12 kg 

and the gravitational force between two such balls is 

J9.6xl0 12 kg) 2 


F =G =(6.67 x 10- 11 N • m 2 / kg 2 p 
F = |6.1 x 10 15 N toward each other. | 


(1.00 m ) 2 


(a) Let V represent the volume of the tank. The number of molecules 
present is 

PV (l.013 x 10 5 N/m 2 )\/ , 

N =nN A =— = T -—-—r 6.022xlO 23 

4 RT (8.315 J/mol-K)(273K) v ' 

=(2.69xlO 25 m~ 3 )v 

The volume of one molecule is 

1.00 xlO“ 10 mV 


(M=f- 


=1.047 xl0“ 3 ° m 3 
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The volume of all the molecules is 

(2.69 xlO 25 m“ 3 )\/ (l.047 x 10” 3 ° m 3 ) =2.82 x 10“ 5 \/ 

So the fraction of the volume occupied by the hydrogen 
molecules is |2.82x 10~^| An atom is precisely one half of a 
molecule. 


(b) The fraction occupied by the nucleus is found from 


nuclear volume 
atomic volume 


nr 3 


J-tf 


|^(d/2) 3 

1.20 xl0~ 15 m ' 
0.500 xlO“ 10 m 


In linear dimension, the nucleus is small inside the atom in the 
way a fat strawberry is small inside the width of the Grand 
Canyon. In terms of volume, the nucleus is really small. 


Section 44.2 Nuclear Binding Energy 

P44.15 Using Equation 44.2, the binding energy per nucleon is 

E b _[ ZM ( H ) + A/ m„-M (z X)V 931.5 MeV^ 
A ~ A { u J 


Using atomic masses as given in Table 44.2, 
(a) For \H: 


E, 

A 


1(1.007 825 u)+1(1.008 665 u)-2.014 102 u 
2 

0.002 388 uY 931.5 MeV l 


= 11.11 MeV| 


(b) For 2 He: 

E b _ 2(1.007 825 u)+2(1.008 665 u)-4.002 603 u 
^ = ( 0fl» 377 u j^ 931.5MeV j fa R5M; 
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P44.16 


(c) For 26 Fe: 

E b _ 26(1.007 825 u)+30(1.008 665 u)-55.934 942 u 


( 0.528 458 
l 56 


5 ) 


56 

'931.5 MeV 


= 18.79 MeV | 


(d) For 92 U: 

E b _ 92(1.007 825 u) +146(1.008 665 u)-238.050 783 u 


238 

( 1.934 207 u Y 931.5 MeV ^ 
l 238 ){ i 


= 17.57 MeV 


We use Equation 44.2, 

E b (MeV) = [ZM (H) + A/m n - M (*x)](931.494 MeV/u) 

Then, for “Na, 

E b (^Na) = [llM (H)+12 m n -M (*Na)](931.494 MeV/u) 

= [11(1.007 825 u) +12(1.008 665 u)-22.989 769 u] 
x (931.494 MeV/u) 


= 186.565 MeV 
E^ _ 186.565 MeV n 
4 23 


and 
For 12 Mg, 

E b = E b (l Mg) 

= [l2M (H) + ll m n -M (uMg)](931.494 MeV/u) 

= [12(1.007 825 u) +11(1.008 665 u)- 22.994124 u] 
x (931.494 MeV/u) 

= 181.726 MeV 

, E b 181.726 MeV 

and =-=7.90 MeV 

4 23 

The difference is 

Ag„ _5>(SNa)-E t (gMg) 

4 4 

=8.11 MeV-7.90 MeV =0.210 MeV 
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P44.17 


P44.18 


P44.19 


The binding energy per nucleon is greater for “Na by 10.210 MeV] . 
There is less proton repulsion in ^Na; it is the more stable nucleus. 
From Equation 44.2, the binding energy of a nucleus is 

F b (MeV) = [ZM (H) + Nm n -M (*x)](931.494 MeV/u) 

For T gO: 

E b =[8(1.007 825 u) +7(1.008 665 u)-15.003 065 u] 

x (931.494 MeV/u) =111.96 MeV 

For ^N: 

E b =[7(1.007 825 u) +8(1.008 665 u)-15.000 109 u] 

x(931.494 MeV/u) =115.49 MeV 


Therefore, the binding energy is [greater for by 3.54 Mev] 

We find the mass difference, AM =Zm H +N m n - M , and then the 
binding energy per nucleon, ^ = AM (931.5) ^ ^ un ^ s G f MeV. The 
results are tabulated below. 


Nuclei 

Z 

N 

M in u 

AM inu 

^ in MeV 
A 

55 Mn 

25 

30 

54.938 050 

0.517 5 

8.765 

56 Fe 

26 

30 

55.934 942 

0.528 46 

8.790 

59 Co 

27 

32 

58.933 200 

0.555 35 

8.768 


56 Fe has a greater than its neighbors. 


(a) The isobar with the highest neutron-to-proton ratio is f 5 Cs\; the 

. N A-Z 139-55 84 

ratio is — =-=-=— =1.53 

Z Z 55 55 


(b) pgyLal is stable, so has the largest binding energy per nucleon 
(8.378 MeV). 
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P44.20 


P44.21 


(c) The isobars are close in Figure 44.6, the plot of binding energy per 
nucleon versus mass number, and there is not much detail, so we 
may assume they have about the same binding energy, or missing 
mass. However, neutrons have more mass than protons, so the 
isobar with more neutrons (thus, fewer protons) should be more 

massive: Pi&l. 


(a) The radius of the 40 Ca nucleus is, 

R =r 0 A 1/3 =(l.20x 10” 15 m)(40) 1/3 =4.10 xl(T 15 r 


The energy required to overcome electrostatic repulsion is 

#f _3k e Q 2 _3(8.99xl0 9 N-m7C 2 )[20(l.602xKT 19 c )] 2 
5R 5(4.10x l0“ 15 m) 

=1.35 x 10 " :J — 84.2 MeV 


(b) The binding energy of 4 °Ca (Z =20, N = A - Z = 20) is (using 
Equation 44.2 and masses from Table 44.2), 

E b = [20(1.007 825 u) + 20(1.008 665 u)- 39.962 591 u] 

x (931.5 MeV/u) 

- 1342 Me|| 


(c) 


The nuclear force is so strong that the binding energy greatly 
exceeds the minimum energy needed to overcome electrostatic 
repulsion. 


Removal of a neutron from ^Ca would result in the residual nucleus, 
20 Ca. If the required separation energy is A E n , the overall process can 
be described by 

mass (gCa) + A£ n = mass( 2 oCa) + mass(n) 

A E n = mass( ^Ca) + mass(n) - mass( ^Ca) 


From Table 44.2, 

A E n = (41.958 618 u +1.008 665 u - 42.958 767 u) 

x (931.5 MeV/u) 

= |7.93 Me# 
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Section 44.3 Nuclear Models 

P44.22 The curve of binding energy shows that a heavy nucleus of mass 
number A = 200 has binding energy about 

7.8 MeV (200 nucleons) -1.56 GeV 
nucleon J 

Thus, it is less stable than its potential fission products, two 
middleweight nuclei of A = 100, together having binding energy 
2(8.7 MeV/nucleon)(100 nucleons) ~ 1.74 GeV 
Fission then releases about 

1.74 GeV-1.56 GeV |-200 MeV | 


Region of greatest stability 



P44.23 (a) In Equation 44.3, the first or "Volume" term is, 

E 1 = C X A = (15.7 MeV) (56) = 879 MeV 
The second, or "Surface" term is, 

E 2 =-C 2 A 2/3 =-(l7.8MeV)(56) 2/3 =-260 MeV 
The third, or "Coulomb" term is, 

E 3= -C 3 ^i =-(0.71 Mevjlgw 
=-121 MeV 

and the fourth, or "Asymmetry" term is, 

E 4 =C 4 ^~ 2Z ) =-(23.6 MeV) ^ 5652 ^ =-6.74 MeV 
A 56 
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The binding energy is then 

Ed=Ci a-c^.c 3 ^-c,^1 

>A 1/3 A 

=879 MeV - 260 MeV -121 MeV - 6.74 MeV = |491 MeV| 
(b) The percentages for each of the terms is as follows 
|terml:|A = |179%| ; |term2:|A = |-53.0%| ; 

Fffb r : E b 

| term 3: | A = |-24.6%| ; | term 4: | A = |-1.37%| 


P44.24 


(a) 


Nucleons on the surface have fewer neighbors with which to 
interact. The surface term is negative to reduce the estimate 
from the volume term, which assumes that all nucleons have 
the same number of neighbors. 


(b) The volume to surface ratio for a sphere of radius r is 

Volume_(4/3 )nr‘ 11 j 

Area 4^? \3J 


The volume to surface ratio for a cube of side length L is 
Volume _ L 3 _|l A 
Area 6 L 2 \6 _| 


The sphere has a larger ratio to its characteristic length, so it 
would represent a larger binding energy and be more plausible 
for a nuclear shape. 


Section 44.4 Radioactivity 

*P44.25 We use Equation 44.7 for the exponential decay rate of the sample, 
R =R 0 e u , where 

A = 1X12 =0.026 7 h _1 
26.0 h 

Since we require a 90% decrease in activity, 

A =0.100 =e~ u ln(0.100) =-At 

°o 
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P44.26 


P44.27 


then. 


2.30 


0.026 7/h 


(a) From R =R 0 e xt , the decay constant is 

1 =tlnf—1 =5.58 x 10 -2 h- 

t { R) U.OOhJ ^ 8.00 mCi ) 

= 11.55x10^1^1 

(b) The half-life is 

T yl =“ = H2lh] 

(c) The number of original atoms can be found if we convert the 
initial activity from curies into becquerels (decays per second): 
1 Ci = 3.70 x 10 10 Bq. 

R 0 =10.0 mCi =(l0.0xl0~ 3 Ci)(3.70xl0 10 Bq/Ci) 

=3.70 xlO 8 Bq 

Since R 0 = A/V 0 , the original number of nuclei is 

AZ„ = R - = 3 - 70x l° 8 d r yS/S =|2.39xl0« atomsl 
0 A 1.55xlO -5 s 1 - 1 

(d) The decay rate after thirty hours is 

R =R 0 e~ u =(l0.0 mCi)exp[(-5.58x 10“ 2 h^jiSO.O h)] 

= | 1.88 mCi| 

The decay law is 

dN/dt =- A/V 

Then, the decay constant is 




1 


.00 x 10 15 nuclei 


-6.00 x 10 11 nuclei 


=6.00 x 10^ s" 1 
and the half-life is 

T m =^=\n6^ 


(This is 19.3 minutes.) 
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P44.28 According to Equation 44.7, the time dependence of the decay rate is 
R =ft 0 e From this equation we can derive a relation between the 
change in decay rate over the time interval At to the decay constant. 
We start with R =R 0 e m . Then, rearranging and taking the natural log 
of both sides gives 



Now, because X =——, we can relate the time interval At to the half- 


^1/2 



(RA 

In 2 

i i fRol 

n U J 

"^1/2 

(ln2)At [R J 


1 

i i ( RA 


"^1/2 

— In 0 

(ln2)A t [r) 


T 

(ln2)A t 


T m ' 

ln(R»/R) 


P44.29 The number of nuclei that decay during the interval will be 
AN =N 1 - N 2 =N 0 (e Ul - e ltl ) 


First we find the decay constant X: 
, In 2 0.693 


=0.010 7 h" 1 =2.97 x 10~ 6 s" 1 


Now we find N 


_R 0 _ (40.0 jUCi) f 3.70 x 10 4 s" 1 
0 X _ 2.97xl0“ 6 s _1 [ juCi J 
=4.98 x 10 11 nuclei 
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P44.30 


P44.31 


Substituting in these values. 


N 1 -N 2 =(4.98xlO u )[< 


3 -(ln 2/64.8 h)(l0.0 h) _ -(in 2/64.8 h)(l2.0 h) 1 


N 1 -N 2 = |9.47xl0 9 nuclei) 

The number of nuclei that decay during the interval will be 
N 1 -N 2 =N 0 [e~ ltl -e~ lt2 ) 

We wish to write this expression in terms of the half-life T 1/2 and the 
initial decay rate R 0 . First, from the definition of A, we have 

^ - ln2 gU =e ln2(-t/T V2 ) =2 -tfT y2 

Tyz 

Now we find N • 


N 

° A ln2 


1/2 


N,-N 7 


(e 1 -e 




) _| R o 7 i /2 1 2 -^/r 1/2 _ 2 -t 2 /T V2 j| 


Substituting in these expressions, we find that 

_ ^q7~i/: 

” In 2 

The decay constant is 
In 2 


In 2 


(a) 


A=— =- 
T 1/2 8.04 d 


0.0862 d“ : 


= oo862 r un =| 3 59 10 - 3 h _i [ 

d v24 h J 1 - 1 

= 9 . 98 x 10- 7 ^ =| 998x1() - 7 s - i | 
h 3600 s ) 1 - 1 

(b) From R = AN, the number of radioactive nuclei in a 6.40 mCi of 131 1 is 


N 


_R 

_ 6.40 x 10 ~ 3 Ci | 

f 3.70 xlO 10 

A '' 

9.98x 10 “ 7 s _1 1 

l Ci 


-H 


.37x 10 14 nuclei) 


(c) 


From Equation 44.7, R = AN , the decay rate R also undergoes 
exponential decay; thus, after one half-life, the rate drops from R 0 
to R 0 /2. The number of half-lives that have elapsed after 40.2 d is 
n = t/T U2 = 40.2 d/8.04 d = 5, so the remaining activity of the 
sample is 

R n 6.40 mCi 


R =% = 

2 2 5 


32 


= 0.200 mCi 
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P44.32 


P44.33 


(a) From Equation 44.6, the fraction remaining at t = 5.00 yr will be 

N =e -U _ e -tln2/T 1/2 _ e -(5.00yr)ln2/(l2.33yr) _ |q J 55 1 

N 0 

(b) At t = 10.0 yr, 

N = Q tin2 / T V2 _ e -(l0.0 yr)ln2/(l2.33 yr) _ | q gr;Q | 

N 0 

(c) At t = 123.3 yr, 

— =e- lt =e t]n2/Ty7 =e (l233yr)ln2/(l233yr) =e 101n2 =1 9.766 x hr 4 

N n - 


(d) 


No. The decay model depends on large numbers of nuclei. 
After some long but finite time, only one undecayed nucleus 
will remain. It is likely that the decay of this final nucleus 
will occur before infinite time. 


The number remaining after time is 

N = No e- u =N 0 e- i|wml =N 0 (e k2 j n =N„(0 / ‘ 

The number decaying in this first half of the first half-life is 

=A(V2-lK 

N 

The number remaining after time T 1/2 is so the number decaying 
in the second half of the first half-life is 

AW =«._«• JA.Tu, 

V2 2 2 ) 0 {2 2 ) ° 

=|(V2-l)A/ 0 


The ratio required is then 




AN. 


i(V2-l)N 0 
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P44.34 


(a) —- = rate of change of N 2 

<± 

= rate of production of N 2 - rate of decay of N 2 
= rate of decay of N 1 - rate of decay of N 2 
=X l N 1 -h 2 N 2 

(b) From the trial solution, 

N 2 (t)=-^h.( e v- e v) 

Ai~A 2 

aw ,= +x ' e '' c ) 

dN 

So =h 1 N 1 - 2 as required. 

(c) The functions plotted in ANS. FIG. P44.34(c) are 

Po nuclei: N t (t) =1 OOOe (ln2/310 min)t 

Pb nuclei: N 2 ( t ) =1130.8 [e (h2/26 ' 8mta)t - e f^ 3 ' 10 ^] 



ANS. FIG. P44.34(c) 


(d) From the graph, t m = |10.9 mini 
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dN 

(e) From equation [1], —~ =0 if 

dt 

A 2 e v =\e Kt 

= h. 

K 


Thus, t = t m 


>(v^) 




(f) With \ = In2/(3.10 min), A 2 =ln2/(26.8 min), this formula gives 

, _MVO 


\-K 


^ ln2/(3.10 min' 
ln2/(26.8 min] 


f 26.8 min 'l 
1 3.10 min J 


( In 2 

In 2 1 

ln 2 f 1 

1 1 

^3.10 min 

26.8 min J 

[3.10 min 

26.8 min J 


= [l0.9 min| 

This result is in agreement with the result of part (d). 


Section 44.5 The Decay Processes 
P44.35 Atomic masses are given in Table 44.2. 


(a) For this e + decay, 

Q =(M x - M Y -2m e )c 2 

=[39.962 591 u - 39.963 999 u - 2 (0.000 549 u)] 

x (931.5 MeV/u) 

0 =-2.33 MeV 


Since Q < 0, the decay [cannot occur) spontaneously. 
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P44.36 


P44.37 


(b) For this alpha decay, 

Q =(M x - M Y -2m e )c 2 

=[97.905 287 u - 4.002 603 u - 93.905 088 u ] 

x (931.5 MeV/u) 

Q =-2.24 MeV 

Since 0 < 0, the decay [cannot occur) spontaneously. 

(c) For this alpha decay, 

Q =(M x -M y -2m e )c 2 

=[143.910 083 u-4.002 603 u-139.905 434 u] 

x (931.5 MeV/u) 

0 =1.91 MeV 

Since 0 > 0, the decay [can occur] spontaneously. 

(a) The reaction is —> 2 3 He +e“ +v. 

Adding one electron, the reaction becomes 

nucleus +e“ —> \ He nucleus +2e“ +v 
Ignoring the slight difference in ionization energies, we have 
iH atom —> ® He atom +v 

(b) The total energy released is the Q value: 

hJc 2 

0 =(3.016 049 u-3.016 029 u)<931.5 MeV/u) 

=0.018 6 MeV = |! 8 . 6 keV| 

From Equation 44.21, carbon-14 undergoes beta decay: 

U 6 C u 7 N +e“ +v 

Adding six electrons to each side, this is the same as 
U 6 C atom ' 7 N atom +v 
The Q value is 

0 =(M c . 14 -M N . 14 -m v )c 2 

=[14.003 242 u-14.003 074 u-0](931.5 MeV/u) 

= | 0.156 MeV | 
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P44.38 Total Z and A are conserved. 

(a) A gamma ray has zero charge and it contains no protons or 
neutrons. So for a gamma ray Z = 0 and >4=0. Keeping the total 
values of Z and A for the system conserved requires Z =28 and >4 
= 65 for X. With this atomic number it must be nickel, and the 

nucleus must be in an excited state, so x afji‘i i.r 

(b) An alpha particle, a =\ He, has Z = 2 and >4=4. Total initial Z is 
84, and total initial A is 215, so for X we require 

Z=84 = Z x + 2 -> Z x = 82 -> Pb, and 

A=215=A X + A A x = 211, Xis | 2 "Pb| . 

(c) A positron, e + = °e, has charge the same as a nucleus with Z = 1. 
A neutrino, ° v, has no charge. Neither contains any protons or 
neutrons. So X must have by conservation Z = 26 + 1 + 0 = 27; so, 
X is Co. And A = 55 + 0 + 0 = 55: X is |gCo| . 

P44.39 Atomic masses are given in Table 44.2. We calculate the energy 
released by the reaction, its Q -value, as 

Q =( M u- 238 - M rh- 234 - Mhc-Jc 2 

0 =(238.050 783 - 234.043 596 - 4.002 603) u(931.5 MeV/u) 
=|4.27 Me\g' 

P44.40 (a) The decay constant is A, = ln2/10 h = 0.0693/h. The number of 

parent nuclei is given by N p =N P0 e u =(l.00 x 10 6 )e 00693f , where 
t is in hours. 

The number of daughter nuclei is equal to the number of missing 
parent nuclei. 


(b) 


(c) 


N d =N P 0 -N p o e~ lt =(l.00 x 10 6 )(l - e -° 0693t ), where t is in hours. 

The number of daughter nuclei starts from zero at t =0. The 
number of stable product nuclei always increases with time and 
asymptotically approaches 1.00 x 10 6 as t increases without limit. 

The minimum number of daughter nuclei is zero at t =0. The 
maximum number of daughter nuclei asymptotically approaches 
1.00 x 10 6 as t increases without limit. 
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P44.41 


P44.42 


(d) 


(a) 

(b) 


(a) 

(b) 

(c) 


(d) 


(e) 


The rate of change is 

1.00 x 10 6 )(0 + 0.0693 ^ 00693t ) = 6.93 x 10 4 e^ 0693t 

dr v ’ 

where ^-4 j s i n decays per hour and t is in hours. [The rate of| 

_ dt _ 

change has its maximum value, 6.93 x 10 4 h 1 , at t = 0, after which) 
the rate decreases more and more / approaching zero as f| 
increases without limit. | 

The reaction for one particle is |e~ +p —> n +v| • 

For nuclei, 13 O +e“ -> 13 N +v. 

Add seven electrons to both sides to obtain 
13 O atom —> 13 N atom +v 
From Table 44.2 of atomic masses, 

0 =(15.003 065 u-15.000 109 u)(931.5 MeV/u) 

= [Z75 MeV | 

The number of carbon atoms in the sample is 

N J 0.021 0 g Y 6.02 xlO 23 atoms! 

^12.0 g/molmol J 

1 in 7.70 x 10 11 carbon atoms is a 14 C atom. Then, 


(/V n L. =1.05 x 10 21 { --—=| 1.37 x 10 9 1 

\ o/c-14 ^7.70x10 J 1 - 1 


The decay constant for C is 
„ In 2 


5 730 yr 


=1.21 x IQ- 4 yr” 1 


= 3.83xl0~ 12 s _1 


We use R =A/V =A/V 0 e 2t . At t = 0, 


IF ^ 
3.16x10 7 s J 


R o =A,N 0 =(3.83xlO” 12 s~ 1 )(l.37xl0 9 )^ 7 ^ 6 4 °Q^ j 
=|3.17 x 10 3 decays/week| 


At time t, R =-=1951 decays/weekl. 

0.880 1 -—- 1 
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(f) Taking logarithms. 


In — =-Xt so t =—In I — 


and 


-1 


—In 


1.21 x 10 yr 1,3.17 xl0 ; 


A [ R, 


951 


= 9.95xl0 3 yr 


Section 44.6 Natural Radioactivity 

P44.43 (a) The conversion is 

4.00 pCi/L =1 


( 4.00xlO" 12 Ci) 

f 3.70xlO 10 Bq^ 

( 1.00xlO 3 h) 

\ 1L J 

l ici J 

l 1 m 3 J 


= \148 Bq/m 3 | 

(b) Each cubic meter of air contains 

= [7T)5 x 10 7 atoms/m 3 1 

(c) The density of radon in each cubic meter of air is 

density =(7.05 xlO 7 atoms/m 3 )f- S 

3 V a 6.02 x 10 23 atoms A1 mol 

=2.60 x 10" 14 g/m 3 

Since air has a density of 1.20 kg/m 3 , the fraction consisting of 
radon is 

faction = 2 - 6 ° Xlr " 

1200 g/m 3 - 1 

P44.44 The number of radon atoms remaining is 

N =/V 0 e (ln2>t/Tl/2 

And the fraction remaining is 

N =e -u _g(ln2 )t/r V2 

N n 
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(a) With T 1/2 = 3.82 d and t = 7.00 d, 

N _g-(ln2)(7.00)/(3.82) _ |q 2 Sl \ 

N 0 

(b) When t = 1.00 yr = 365.25 d, 

— =e (ta2)(365 ' 25>/(3 ' 82) = |l.65x 10 29 1 

N 0 

(c) [Radon is continuously created] as one daughter in the series of 
decays starting from the long-lived isotope 238 U. 

P44.45 We find the chemical name by looking up Z in a periodic table. The 
values in the shaded boxes ( 235 U and 207 Pb) in Figure P44.45 were 
given; all others have been filled in as part of the solution shown in 
ANS. FIG. P44.45 below. 



ANS. FIG. P44.45 
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P44.46 


(a) Let N be the number of 238 U nuclei and N' be 206 Pb nuclei. 
Then N =N 0 e u and N 0 = N + N' so N={N+N')e xt or 
=1 +^j-. Taking logarithms. 


At=lnfl +—1 where A 

l N ) T yl 

Thus, 



If — =1.164 for the 238 U -> 206 Pb chain with T, n = 4.47 x 10 9 yr, 

N' 1/2 2 

the age is: 


_ 4.47 x 10 9 yr 
“ ln 2 


) K 1.164 ) 1 


4.00 xlO 9 yr| 


(b) From above, =1 +—. Solving for — f gives — =- e 


N N' N' l-e v 

235 TT ^ 207 pb 


With T = 4.00 x 10 9 yr and T 1/2 = 7.04 x 10 8 yr for the 235 U 
chain, 

In2y_{ln2)(4.00xl0 ! 'yr) 


7.04 x 10 yr 


and 


=0.019 9 for the 235 U to 207 Pb chain. 


With T = 4.00 x 10 9 yr and T 1/2 = 1.41 x 10 10 yr for the 

232 Th —> 208 Pb chain, 

(In2)(4.00xl0 9 yr) 

Xt=- -^---5-t =0.196 6 


1.41 xlO 10 yr 


and 


=4.60 for the 232 Th to 208 Pb chain 
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Section 44.7 Nuclear Reactions 


P44.47 


Neglect recoil of product nucleus (i.e., do not require momentum 
conservation for the system of colliding particles). The energy balance 
gives /C emerging =/C incident +Q. To find Q, 


Q =[(M„+M J-(M 9 +m fl ) ]c 2 

Q =[(1.007 825 +26.981 539)-(26.986 705 +1.008 665)] u 

x (931.5 MeV/u) 


=-5.59 MeV 


Thus, /C emerging =6.61 MeV - 5.59 MeV = | 1.02 MeV | . 


P44.48 (a) The Q value of the reaction is given by 

Q =[9.012 182 u +4.002 603 u 

-12.000 000 u-1.008 665 u] 

x (931.5 MeV/u) 


= r5.70 MeV I 

(b) For this reaction, 

0=[2M , h -M,„,-/<] 

0 =[2(2.014 102 u)-3.016 029 u-1.008 665 u] 

x (931.5 MeV/u) 

= 3.27 MeV | 

(c) The reaction in part (b) is Exothermic] because the Q value is 
positive. 

P44.49 Total A and total Z are conserved. 


(a) For X, A =24+ 1- 4 = 21 and Z = 12 + 0 - 2 = 10, so X is | ”Ne 

(b) A = 235 + 1 - 90 - 2 = 144 and Z =92 + 0-38-0 = 54, 
soX is | x f 4 Xe | . 

(c) A =2-2 = 0 and Z = 2 -1 = +1, so X must be a positron. 

As it is ejected, it is accompanied by a neutrino: 

X +X / -'= j +v~| 
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P44.50 


P44.51 


(a) |™Au +q 11 —> 19 7 *Au -> ^Hg + >+u| 

Note the conservation of baryon number (which you can think of 
as nucleon census number and call mass number in this chapter) 
in the superscripts: 197 + 1 = 198 + 0. Note the conservation of 
charge in the subscripts: 79 + 0 = 80 - 1. 

(b) Consider adding 79 electrons: 

*79 Au atom +,'n —> '^Hg atom +v +0 
Then, 

0 =[M„ 4ii +m„-M,. H Jc 2 
Q =[196.966 552 u +1.008 665 u-197.966 752 u] 

x (931.5 MeV/u) 

= | 7.89 MeV | 

We consult Table 44.2 for the masses. For the first reaction, 

9 Be +1.665 MeV -»*Be +]n 

SO M ?Be ?Be - p" _m n 

M,„ =9.012182 u- ( ~ L665MeV) -1.008665 u 
* Be 931.5 MeV/u 

= | 8.005 3 u~| 

For the second reaction, 

9 Be +,Jn -» “Be +6.812 MeV 

so M 10Be =M , Be +m n - p- 




=9.012182 u+1.008665 u- 


6.812 MeV 
931.5 MeV/u 


=| 10.013 5 u 
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Section 44.8 Nuclear Magnetic Resonance and 
Magnetic Resonance Imaging 

P44.52 It is the quantum particle under boundary conditions model that is 

behind the general rules: With angular momentum quantum number /, 
the magnitude of the angular momentum must be ^1(1 +1) ft . Whether 
/ is an integer or a half-integer, the allowed values for one component 
of angular momentum being measured range from +lft to +(/ - 1 )ft to 
... to -I ft . Conditions that the wave function for a quantum particle 
must satisfy, for self-consistency under rotations in three-dimensional 
space, impose these requirements. We call a component being 
measured the z component. It can be measured more directly, as in a 
nuclear magnetic resonance experiment, or less directly, as from the 
way the angular momentum influences the intrinsic energy levels of a 
system and the number of available states within an energy level. 

(a) With / = 5/2, the magnitude of the angular momentum is 

V/(/ +1) ft =Vf(f +1) n =V35 ft/2 

=2.958 04(6.626 x 1(T 34 J-s)/2 n 
=3.119 xlO" 34 kg-m 2 /s 

The z component can take the values +5 ft/2 , +3 h/2 , + h/2 , -h/2 , 
-3h/2 , and -5h/2 . These identifications are shown in ANS. FIG. 
P44.52(a). 

(b) Similarly, with / = 4, the magnitude of the angular momentum of 
a nucleus is yjl(l +1) h =^4(4+1) h =V20 h and its Z component 
must have one of the nine values +4h,+3h,+2h, 4ft , 0, -h , -2 h , 
-3ft , -Aft , as shown in ANS. FIG. P44.52(b). 



ANS. FIG. P44.52 
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P44.53 From page 1406 and Equation 44.31, the magnetic moment is 

-1.913 5/J n for the neutron and 2.792 8/J n for the proton, where 
j u n =5.05 x 10- 27 J/T is the nuclear magneton. 

(a) The Larmor frequency of free neutrons is 

f _|2jue| _2[(l.913 5)(5.05xl0" 27 J/t)](1.00 T) 
n h 6.626 x 10~ 34 J • s 

= | 29.2 MHz | 

(b) The Larmor frequency of free protons is 

2f(2.792 8)(5.05 x 10“ 27 J/t)1(1.00T) ._ 

p 6.626 x 10 J • s I- 

(c) In the Earth's magnetic field, 

2[(2.792 8)(5.05x10- 27 J/t)](50.0x10“ 6 t) | ^ ^ 
p 6.626 x 10“ 34 J • s 


Additional Problems 

*P44.54 From R =R 0 e xt and T 1/2 = 5 730 yr for 14 C, the age of the sample is 

|" ln(0.600)l 

In 2 J 




= |4.22xl0 3 yr| 

!f P44.55 From R =R 0 e xt , the elapsed time is 


i r) T rMs/fio) 


rmf 20 - 0 mCi ^l 

J =-(14.0 d) 

200 mCi J 

\«oJ 1/2 1 ln2 

In 2 


= f46.5d| 

P44.56 The proposed reaction can be written as 
w 5 B + 4 He -> JH + 12 C 

While electric charge is conserved (5 + 2 = 1 + 6), the number of 
nucleons is not (10 + 4^1 + 12). Therefore, this reaction cannot occur. 
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P44.57 


P44.58 


(a) From Equation 44.1, 

r =a4 1/3 =(l.2 fm )a 1/3 =(l.2 x 10' 15 m)/\ 1/3 

When 4 = 12, r =1.2 fm(l2) 1/3 =2.7 x 10“ 15 m = |2.7 fm| 

_^ e (Z-l)^ _(8.99xl0 9 N m 2 /C 2 )(Z-l)(l.60xl0- 19 c) 2 

( b ) f 2 f 2 

WhenZ = 6 and r=(l.2xl0~ 15 m)(l2) 1/3 , F= |l.5xl0 2 n| . 


(c) 


(d) 

(a) 


u = km _ (8.99xlO’)(Z-l)(l.6xlO-”) 2 

r r r 

WhenZ =6 and r=(l.2xl0“ 15 m)(l2) 1/3 , 

U =4.2 x 10“ 13 J = |2.6 MeV| 

A = 238, Z = 92, and r =1.2 fm(238) 1/3 =7.4x 10' 15 m = |7.4fm| 

F = |3.8xl0 2 n] and U =2.8 x 10“ 12 J = |l8MeV| 

The process cannot occur because energy input would be| 
required) . Note that the mass of the proton is less than the sum of 
the masses of the neutron and positron (electron): 


m n + m e+ > m p 

1.008 665 u +0.000 549 u 

1.009 214 u > 1.007 276 u 


Therefore, the reaction p ^ n +e + +v would violate the law of 
conservation of energy. 

(b) The [required energy can come from the electrostatic repulsion| of 
protons in the parent nucleus. 

(c) Add seven electrons to both sides of the reaction for nuclei 
13 N —> 13 C +e + +v to obtain the reaction for neutral atoms 
13 N atom^> 13 C atom +e + +e~ +v. 

Q =[m( 13 N)-m( 13 C)-m e+ -m e _-m v ]c 2 
Q =[13.005 739 u-13.003 355 u-2(5.49 xlO" 4 u)-0] 
x (931.5 MeV/u) 

= 11.20 MeV| 
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P44.59 


P44.60 


P44.61 


P44.62 


E =-jj B so the energies are E 1 = +/uB andE 2 =-ju8, where B = 12.5 T, 
jU =2.792 8jU n , and jU n =5.05 x 10“ 27 j/T. The energy difference is 

AE =2 /uB =2(2.792 8)(5.05 x 10~ 27 J/T)(l2.5 t) 

=3.53 x 10" 25 J =2.20 x 10~ 6 eV = |2.20 jUeV| 

We check the Q value of this reaction: 

Q =[238.050 788 u-237.051 144 u-1.007 825 u] 

x (931.5 MeV/u) 

=-7.62 MeV 

The Q value of this hypothetical decay is calculated to be 
-7.62 MeV, which means you would have to add this 
much energy to the 238 U nucleus to make it emit a proton. 


(a) The system of a separated proton and electron puts out energy 
13.606 eV to become a hydrogen atom in its ground state. This 
decrease in its rest energy appears also as a decrease in mass: the 
mass is | smaller |. 


(b) The mass difference is 


|Am| =!§ =1 


13.6 eV 

( 1.60 xl0“ 19 J"\ 

(3.00xlO 8 m/s) 2 

1 leV J 


=(2.42 xl0‘ 35 kg)| 


lu 


[l.66xl0 -27 kg 
(c) As a percentage of the total mass, 

1.46 xl0“ 8 u 


=11.46 x KT 8 u I 


1.007 825 u 


- =1.45 x HT 8 =1.45 x 10^% 


(d) | No. | The textbook table lists 1.007 825 u as the atomic mass of 

hydrogen. This correction of 0.000 000 01 u is on the order of 100 
times too small to affect the values listed. 


We check the Q value of the 57 Co nuclei decay by e + : 

57 Co —> 57 Fe + °e+v 

Mass values appear in Table 44.2. For this reaction, 

Q =[56.936 291-56.935 394-2(0.000 549)]u(931.5 MeV/u) 
=-0.187 MeV 
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P44.63 


P44.64 


The nucleus 57 Co cannot decay by e + emission because 
the Q value is - 0.187 MeV. 


(a) The number of nuclei at t = 0 is given by 

N _ mass _ 1.00 kg 

0 mass per atom (239.05 u)(l.66xl0' 27 kg/u) 

= 12.52x10*1 

(b) To find the initial activity, we first compute the ecay constant: 
In2 

Then, 

R 0 =A/V 0 =(9.106 xl0 “ 13 s~ x )(2.52 x 10 24 ) = |2.29 xlO 42 

(c) From R =R 0 e ~ u , 


A =^ =7 --—^- ——k =9.106 x 10 - 1 

(2.412 xlO 4 yr)(3.156xl0 7 s/yr) 


& { R 0 J ^ { R 


1 


9.106x10 1 
=3.38xlO 13 si 




2.29xlO 12 Bq 
0.100 Bq 

lyr 


^3.156x10 s, 


= 1.07xl0 6 yr 


(a) One liter of milk contains this many 40 K nuclei: 
N =(2.00 g)^ 

=3.60xlO 18 nuclei 


6.02xlO 23 nuclei/mol 

( 0.011 7\ 

[ 39.1 g/mol J 

l 100 J 


_ln 2 

In 2 | 

' !y r 

^"1/2 

1.28xlO 9 yrl 

v 3.156x 10 7 


=1.72 xl0 “ 17 s _1 


R =AA/ =(l.72 x 10 “ 17 s ” 1 )(3.60 x 10 18 ) =61.8 Bq 
The activity is |61.8 Bq/Lj . 

(b) For the iodine, R =R,e At , with A = . Then, 

8.04 d 

A [R ) In 2 I, 61.8 J 1 - 1 
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P44.65 


P44.66 


and 


N tt-?4r N n 




w U-238 

Taking logarithms. 


U-238 , ' , 0 / U-238 c 

^U-235 _ Q QQ7 25 = ^ _ ( ln2 ) t / T V2,u-235 + ( ln2 ) t / 7 i/2.u-a 

Nu 


-4.93 =| 

In 2 

v 0.704 xlO 9 

yr 

-4.93 = 

f 1 


[ 0.704 x10 s 

'yr 

t = 7- 

-4.93 



ln2 


|(ln2)t 


=5.94 x 10’ yl = 5.94 Gyr 

\ -■■•-‘"'iW J‘ 

(a) See ANS. FIG. P44.66. A least-square fit to the graph yields: 
A =-slope =-(-0.250 If 1 ) =0.250 If 1 

and 

ln(cpm)| t=o =intercept =8.30 

Natural logarithm of counting rate 
as a function of time 



0 2 

ANS. FIG. P44.66 


6 8 10 12 
time (h) 


(b) From part (a), 

A =0.250 If 1 
ln2 


lh 


and T V7 


60.0 min 
ln2 


A 4.17 xl0~ 3 min 

(c) From part (a), intercept =ln(cpm) o =8.30. 


=|4.17xl0~ 3 min" 1 1 


T =166 min = |2.77h| 


Thus, (cpm) o =# 30 counts/min =U.02xl0 3 counts/mini. 
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(d) At t = 0, 

N _R 0 _1 (cpm) o _ 4.02xlO 3 counts/min 
0 _ T “I Eff (4.17 xl0“ 3 min 1 )(0.100) 

= [V65 x 10 6 atoms | 

P44.67 (a) If A E is the energy difference between the excited and ground 

states of the nucleus of mass M, and hf is the energy of the 
emitted photon, conservation of energy for the nucleus-photon 
system gives 

A E=hf+E r [1] 


where E r is the recoil energy of the nucleus, which can be 
expressed as 

E _ i Mv f 

r 2 2M~~ 

Since system momentum must also be conserved, we have 

fl „ hf 

Mv =— 


[ 2 ] 


[3] 


Hence, E can be expressed as E r = 


2Me 2 ' 


When hf «Mc 2 , we can make the approximation that hf ~ A E, 

P (A Ef 

S ° £ -2M?' 

(a e) 1 

(b) E r =--, where A E =0.014 4 MeV 

r 2 Me 2 

and Me 2 =(57 u)(931.5 MeV/u) =5.31 xlO 4 MeV. 

Therefore, 

(l.44xlO -2 MeV) 2 


E =^-i ---—V =1.95 x 10“ 9 MeV = 1.95 x 10“ 3 eV 

2 5.31 xlO 4 MeV - 


P44.68 


(a) If we assume all the 87 Sr came from 87 Rb, then N =N Q e u yields 
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where N =/V Rb _ 87 

and N 0 =N Si _ 87 +A/ Kb _ 87 . 

-j = |3.91 x 10 9 yrj 

(b) It could be |no older.] The rock could be younger if some 

87 Sr were originally present. We must make some assumption 
about the original quantity of radioactive material. In part (a) we 
assumed that the rock originally contained no strontium. 

P44.69 The time of flight is given by At = d/v. Since K =^mv 2 , 


(4.75 xlO 10 yr) f 1,82 xlQ 10 +1.07 xlO 9 
In 2 { 1.82 xlO 10 


d 

10.0xlO 3 m 


1 2(0.0400eV)( 1.60xlO' 19 J/eV) 

V m 

\ 1.67xlO' 27 kg 


The decay constant is 
» 0.693 


0.693 


-=1.11 xlO -3 s- 1 


T 1/2 (10.4 min)(60 s/min) 

Therefore we have 

AAt =(l.ll x 10" 3 s)(3.61 s) =4.01 x 10“ 3 =0.004 01 
And the fraction remaining is 

=e O' 004 01 =0.996 0. 


N 


No 

Hence, the fraction that has decayed in this time interval is 

1-— =0.004 01 or 10.401% I 

N n - 


P44.70 (a) For cobalt-56, 

A =- 


ln2 

In 2 f 

X" 

77.1 d^ 


l b 


3.28 yr' 1 


The elapsed time from July 1054 to July 2010 is 956 yr. Then, 
R =R 0 & U implies 

^ _ e -( 3 - 28 F _1 )(956 yr) _g-3139 _g-{lnl0)l363 _l -j^q-1363 I 
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(b) For carbon-14, 

l = ln2 =1.21 xlO -4 yr" 1 
5 730 yr 7 

and 

A =e At =e -( 1 - 21xl0 "^ 1 )( 956 y r ) =e fl.u6 = [ 0891 ] 

R 0 

P44.71 (a) For the electron capture, 

«Tc + _i e —> ^Mo +y 
For positron emission, 

*Tc^Mo+>+y 

The daughter nucleus in both forms of decay is |”Mo| . 

(b) We usually calculate 

the Q value under the * 
assumption that the 
daughter nucleus is in 
its ground state, but for 
these decays, the Q 
value gives the upper 
limit of energy 
available to the 
daughter nucleus to be 
above its ground state. 

For electron capture, 
the disintegration energy is 

Q=[m„ Tc -M„Jc 2 

0 = [92.910 2 u - 92.906 8 u] (931.5 MeV/u) 

= 3.17 MeV > 2.44 MeV 

so Electron capture) provides enough energy for ^Mo to be in (all| 
]fgvflls| above its ground state. 

For e + emission, the disintegration energy is 

Q'=\M 93 -M 93 -2m ]c 2 . 

^ L 93 Tc 93 Mo ej 

Q' = [92.910 2 u-92.906 8 u-2(0.000 549 u)](931.5 MeV/u) 
= 2.14 MeV 



© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly; 


sible website, in whole or in part. 














1138 Nuclear Physics 


so |e + emission) does not supply enough energy for H Mo to be in 
the 4.22 MeV state, [only 1.35 MeV, 1.48 MeV, and 1.35 MeV| above 
ground (see ANS. FIG. P44.71). 

P44.72 We start with R =R 0 e xt , and take the natural logarithm of both sides, 
giving InR =ln R 0 -Xt, which is the equation of a straight line with 
|slope| =X. The logarithmic plot shown in Figure P44.72 is fitted by 

In R =8.44-0.262 t 

If t is measured in minutes, then decay constant X is 0.262 per minute. 
The half-life is 


_ln2 _ In2 

1/2 Y _ 0.262/min 


=|2.64 min] 


The reported half-life of 137 Ba is 2.55 min. The difference reflects 
experimental uncertainties. 


P44.73 


P44.74 


(a) With m n and v n as the mass and speed of the neutrons. Equation 
9.24 for elastic collisions becomes for the two collisions, after 
making appropriate notational changes. 



Solving, 

(m n + m 2 )v 2 = (m n + m 1 )v 1 = 2 m n v n 

t \ m v-m v 

m n [v,-v,) = m.v,-m.v, -» nn n = — LA -^ 

n v 2 1/112 2 n V —V 


(b) We obtain the neutron mass from 

(l u)(3.30x 10 7 m/s)- (l4 u)(4.70 x 10 6 m/s) 
n 4.70xlO 6 m/s-3.30xlO 7 m/s 


= | 1.16 u| 


(a) We treat the collision of the two particles a and X as a perfectly 
inelastic collision: the kinetic energy that is converted into 
internal energy supplies the missing energy Q , permitting the 
conversion of the particles into Y and b. 


Initially, the projectile M a moves with velocity V while the 
target M x is at rest. We have from momentum conservation for 
the projectile-target system: 

Mv a = (M a + M x )v c 
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The initial energy is 
E =-M v 1 

' 2 3 a 

The final kinetic energy is: 


|_M a + M x J ' 


From this, we see that E f is always less than E ; and the change in 
energy, E f -E j , is given by 


E f - E. : 


-1 E,=- 


This loss of kinetic energy in the isolated system corresponds to 
an increase in mass-energy during the reaction. Thus, the absolute 
value of this kinetic energy change is equal to -Q (remember that 
0 is negative in an endothermic reaction). The initial kinetic 
energy E j is the threshold energy E th . Therefore, 



(b) We first calculate the Q value for the reaction: 

Q =[14.003 074 u +4.002 603 u-16.999 132 u-1.007 825 u] 
x(931.5 MeV/u) 

=-1.19 MeV 


Then, 



11.53 MeV | 


-(-1.19 


MeV) 1 + 


4.002 603 u ~ 
14.003 074 u. 
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P44.75 


P44.76 


We have the following information: A/ x (0) =2.50A/ Y (0) / 

A/ x (3 d) =4.20A/ Y (3 d), and T 1/2Y =1.60 d. The nuclei decay 
exponentially: 

A/ x (3 d) =4.20A/ Y (3 d) 

A/ x ( 0)e Ax(3 d) =4.20A/ Y (0)e AY<3 d) =4.20 / M^e Ay(3 d) 

^3d)Ax _ 2 -5 (= (3 d)^ 

4.2 


Taking the natural logarithm of both sides, 
(3d)l x = ln(||]+(3d)l Y 


(3d)^ 


±£ +(3 d) 


1.60 d 


The half-life of X is T y2 x = |2.66 d| 

TAT i . NJO) NJAt ) 

We have the following information: ^ A =r u ^ A ^ =r 2 , and 

Ty 2 y =T y . The nuclei decay exponentially: 

A/ x (At) =r 2 N Y (At) 

N x {0)e^ At =r 2 N Y (0)e^ At =[ ^1/V x (0)e ^ At 


0-At/l x _*2 0-At^y 

r x 

Taking the natural logarithm of both sides, 
-AtA x =lnf—1-At^y 


A Jn2 1 
A t^jr- =-ln 


+At- 


ln2 


1 _ In^/r.,) 1 _ T Y ln(r 1 /r 2 ) + Atln2 _ ln [ 2 ( r i/ r 2 ) y/ ] 

7; _ Atln2 + 7; _ T Y Atln2 = T Y ln2 


The half-life of X is T x 


T y ln2 

ln[2 (rjr 2 f l1 
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Challenge Problems 

P44.77 The electric charge density in the sphere is 

Ze 

P (4/3 )nR 3 

Using Gauss's Law inside the sphere. 


E-4nr 2 = 


f (4 3) r ~ j ze 

l J(4/3KR 3 


1 #V 


or E = 

v 4 tt e 0 R 
Outside the sphere, the field is 

E=— 1 —^ (r> R) 

4ne 0 r 2 

We now find the electrostatic energy 
U = j f- E 2 \Att r 2 dr 


u= HI 

=2 Tt 

z 2 i 


44 


1 Ze 
4^e n r 2 


8tt e 0 

_Z 2 d 

8 n e n 


3^J 

iH?l 


_ZV 

( r5 ) r fT 

8n g 0 

_l 5 R 6 J 0 


"_^+ll =AJ 

5R 6 R J 20 n 


Z 2 i 


o R 5l4 n 


1 W 


U = 


3 Z 2 d 

J>kl 2 £ 

20 k e 0 R 

5R 


P44.78 (a) Add two electrons to both sides of the reaction to have it in 

neutral-atom terms: 


4\H atom -> ^He atom +Q -> Q =Ame 2 =[4 M lR - M | He ]c 2 
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The Q value is then 

Q =[ 4 ( 1.007 825 u)-4.002603 u] 

= [428 x 10~ 12 j| 


(b) The Sun is comprised of 


1.99 x IQ 30 kg 
1.67 xl0“ 27 kg/atom 
=1.19 x 10 57 protons 


1.19x 10 57 atoms) 


(c) The energy that could be created by this many protons in this 
reaction is 


(l.l9 xlO 57 protons) 


4.28 x 10~ 12 j" 
4 protons J 


=1.27 xlO 45 


Then, since P =—, 

At 

At =|r = 127x10 I = 3 . 3 i x 10 18 s =1105 billion years I 
P 3.85 x 10 6 W 1 --- 1 


(d) 


The time interval in (c) is an order of magnitude larger 
than the expected remaining lifetime of the Sun. Only 
the hydrogen in a relatively small core is available as a 
nuclear fuel. Only in the core are temperatures and 
densities high enough for the fusion reaction to be 
self-sustaining. 
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lNSWERS to even-numbered problems 


P44.2 (a) 68; (b) ®Zn; (c) Isotopes of other elements to the left and right of 

zinc in the periodic table (from manganese to bromine) may have the 
same mass number. 

P44.4 ~10 28 protons; (b) 10 28 neutrons; (c) ~10 28 electrons 

P44.6 184 m 

P44.8 (a) 0.360 MeV; (b) Figure P44.8 shows the highest point in the curve at 

about 4 MeV, a factor of ten higher than the value in (a). 



P44.12 (a) 5.18 fm; (b) X is much less than the distance of closest approach 

P44.14 (a) 2.82 x 10' 5 ; (b) 1.38 x 10' 14 

P44.16 0.210 MeV 

P44.18 See P44.18 for full explanation. 

P44.20 (a) 84.2 MeV; (b) 342 MeV; (c) The nuclear force is so strong that the 

binding energy greatly exceeds the minimum energy needed to 
overcome electrostatic repulsion. 

P44.22 -200 MeV 

P44.24 (a) Nucleons on the surface have fewer neighbors with which to 

interact. The surface term is negative to reduce the estimate from the 
volume term, which assumes that all nucleons have the same number 

of neighbors; (b) sphere, -r, cube, -L. The sphere has a larger ratio to 
3 6 

its characteristic length, so it would represent a larger binding energy 
and be more plausible for a nuclear shape. 

P44.26 (a) 1.55 x 10~ 5 s" 1 ; (b) 12.4 h; (c) 2.39 x 10 13 atoms; (d) 1.88 mCi 

P44.28 See P44.28 for full explanation. 

P44.30 - 2 ~ tl/T ' /2 ) 

In 2 ' ' 

P44.32 (a) 0.755; (b) 0.570; (c) 9.766x 10 -4 ; (d) No. The decay model depends 

on large numbers of nuclei. After some long but finite time, only one 
undecayed nucleus will remain. It is likely that the decay of this final 
nucleus will occur before infinite time. 
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P44.34 


P44.36 

P44.38 

P44.40 


P44.42 

P44.44 

P44.46 

P44.48 

P44.50 

P44.52 

P44.54 

P44.56 

P44.58 

P44.60 


(а) See P44.34(a) for full explanation; (b) See P44.34(b) for full 
explanation; (c) See ANS. FIG. P44.34(c); (d) 10.9 min; 

In U/A,) 

(б) A _ A W 10-9 ^ 

(a) See P44.36(a) for full explanation; (b) 18.6 keV 
(a)£Ni-; (b) 2 “Pb; (c) 2 53 Co 


(a) A/ d =N p 0 - N p 0 e lt =(l.00xl0 6 )(l-e°° 693t ), where t is in hours; 

(b) The number of daughter nuclei starts from zero at t = 0. The 
number of stable product nuclei always increases with time and 
asymptotically approaches 1.00 x 10 6 as t increases without limit; 

(c) The minimum number of daughter nuclei is zero at t = 0. The 
maximum number of daughter nuclei asymptotically approaches 
1.00 x 10 6 as t increases without limit; (d) The rate of change has its 
maximum value, 6.93 x 10 4 h” 1 , at t = 0, after which the rate decreases 
more and more, approaching zero as t increases without limit. 

(a) 1.05 xlO 21 ; (b) 1.37 xlO 9 ; (c) 3.83 xlO" 12 s" 1 ; 

(d) 3.17xlO 3 decays/week; (e) 951 decays/week; (f) 9.95xlO 3 yr 


(a) 0.281; (b) 1.65 x 10 29 ; (c) Radon is continuously created. 

(a) 4.00 x 10 9 yr; (b) ^ =0.019 9 235 U to 207 Pb chain and ^ =4.60 for 

the 232 Th to 208 Pb chain 

(a) 5.70 MeV; (b) 3.27 MeV; (c) exothermic 

(a) 197 Au +]n -> 193 Au* -> 193 Hg +_?e +v; (b) 7.89 MeV 

See ANS. FIG. P44.52(a) and (b). 

4.42xlO 3 yr 

While electric charge is conserved (5 + 2 = 1 + 6), the number of 
nucleons is not (10 + 4^1 + 12). Therefore, this reaction cannot occur. 

(a) The process cannot occur because energy input would be required; 

(b) Required energy can come from the electrostatic repulsion; 

(c) 1.20 MeV 

The Q value of this hypothetical decay is calculated to be -7.62 MeV, 
which means you would have to add this much energy to the 238 U 
nucleus to make it emit a proton. 
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P44.62 The nucleus 57 Co cannot decay by e + emission because the 0 value is 
-0.187 MeV. 

P44.64 (a) 61.8 Bq/L; (b) 40.3 d 

P44.66 (a) See ANS. FIG. P44.66; (b) 4.17 x 1CT 3 min" 1 , 2.77 h; 

(c) 4.02 x 10 3 counts/min; (d) 9.65 x 10 6 atoms 

P44.68 (a) 3.91 x 10 9 yr; (b) no older 

P44.70 (a) ~ KT 1363 ; (b) 0.891 

P44.72 2.64 min 

P44.74 (a) See P44.74(a) for full explanation; (b) 1.53 MeV 

T Y ln2 

P44.76 , r / . \T y /Ari 

WM J 

P44.78 (a) 4.28 x 10" 12 J; (b) 1.19x ltf’ 7 atoms; (c) 105 billion years; (d) The 

time interval in (c) is an order of magnitude larger than the expected 
remaining lifetime of the Sun. Only the hydrogen in a relatively small 
core is available as a nuclear fuel. Only in the core are temperatures 
and densities high enough for the fusion reaction to be self-sustaining. 
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OQ45.4 

OQ45.5 

OQ45.6 


OQ45.7 

OQ45.8 

OQ45.9 


The ranking is (b) > (c) > (a) > (d). See Table 45.1 for the RBE factors. 
Dose (a) is 1 rem. Dose (b) is (1 rad x 10) = 10 rem. Doses (c) and (d) 
are (1 rad x 4 or 5) = 4 to 5 rem, but dose (d) is to the hands only (less 
mass has absorbed the radiation). If we assume that (a) and (b) as 
well as (c) were whole-body doses to many kilograms of tissue (more 
mass has absorbed the radiation), we find the ranking stated. 

Answer (c). The function of the moderator is to slow down the 
neutrons released by one fission so that they can efficiently cause 
more fissions. 

The ranking is Q, > Q 2 > Q 3 > 0. Because all of the reactions involve 
108 nucleons, we can look just at the change in binding-energy-per- 
nucleon as shown on the curve of binding energy. The jump from 
lithium to carbon is the biggest jump (~ 5.4 —> 7.7 MeV), and next the 
jump from A =27 to A = 54 (~ 8.3 —»8.8 MeV), which is near the peak 
of the curve. The step up for fission from A = 108 to -4 =54 (~ 8.7 —> 
8.8 MeV) is smallest. All the reactions result in an increase in 
binding-energy-per-nucleon, so both of the fusion reactions 
described and the fission reaction put out energy, so Q is positive for 
all. 

Imagine turning the curve of binding energy upside down so that it 
bends down like a cross-section of a bathtub. On such a curve of total 
energy per nucleon versus mass number it is easy to identify the 
fusion of small nuclei, the fission of large nuclei, and even the alpha 
decay of uranium, as exoenergetic processes. The most stable nucleus 
is at the drain of the bathtub, with minimum energy. 

Answer (d). The particles lose energy by collisions with nuclei in the 
bubble chamber to make their speed and their cyclotron radii 
r = mv/qB decrease. 

Answer (b). The cyclotron radius is given by 

r =mv/qB =^2 [\m 2 v 2 )/qB =V2 mK /qB 

K and B are the same for both particles, but the ratio Jm/q is smaller 
for the electron; therefore, the path of the electron has a smaller 
radius, meaning the electron is deflected more. 

Answer (b). The nuclei must be energetic enough to overcome the 
Coulomb repulsion between them so that they can get close enough 
to fuse, and numerous enough for many collisions to occur in a short 
period of time so that the reaction produces more energy than it 
requires to operate. 
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JMSWERS TO CONCEPTUAL QUESTIONS 


CQ45.1 

The two factors presenting the most technical difficulties are the 
requirements of a high plasma density and a high plasma 
temperature. These two conditions must occur simultaneously. 

CQ45.2 

For the deuterium nuclei to fuse, they must be close enough to each 
other for the nuclear forces to overcome the Coulomb repulsion of 
the protons—this is why the ion density is a factor. The more time 
that the nuclei in a sample spend in close proximity, the more nuclei 
will fuse—hence the confinement time is a factor. 

CQ45.3 

The products of fusion reactors are generally not themselves 
unstable, while fission reactions result in a chain of reactions which 
almost all have some unstable products, because they have an excess 
of neutrons. 

CQ45.4 

The advantage of a fission reaction is that it can generate much more 
electrical energy per gram of fuel compared to fossil fuels. Also, 
fission reactors do not emit greenhouse gases as combustion 
byproducts like fossil fuels—the only necessary environmental 
discharge is heat. The cost involved in producing fissile material is 
comparable to the cost of pumping, transporting, and refining fossil 
fuel. 


The disadvantage is that some of the products of a fission reaction 
are radioactive—and some of those have long half-lives. The other 
problem is that there will be a point at which enough fuel is spent 
that the fuel rods do not supply power economically and need to be 
replaced. The fuel rods are still radioactive after removal. Both the 
waste and the "spent" fuel rods present serious health and 
environmental hazards that can last for tens of thousands of years. 
Accidents and sabotage involving nuclear reactors can be very 
serious, as can accidents and sabotage involving fossil fuels. 

CQ45.5 

Fusion of light nuclei to a heavier nucleus releases energy. Fission of 
a heavy nucleus to lighter nuclei releases energy. Both processes are 
steps towards greater stability on the curve of binding energy. Figure 
44.5. The energy release per nucleon is typically greater for fusion, 
and this process is harder to control. 

CQ45.6 

The excitation energy comes from the binding energy of the extra 
nucleon. 

CQ45.7 

) 2014 Cengage Learning. A 

Advantages of fusion: high energy yield, no emission of greenhouse 
gases, fuel very easy to obtain, reactor cannot go supercritical like a 
fission reactor and low amounts of radioactive waste. 
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Disadvantages: requires high energy input to sustain reaction, 
lithium and helium are scarce, and neutrons released by the reaction 
cause structural damage to reactor housing. 

CQ45.8 For each additional dynode, a larger applied voltage is needed, and 
hence a larger output from a power supply—"infinite" amplification 
would not be practical. Nor would it be desirable: the goal is to 
connect the tube output to a simple counter, so a massive pulse 
amplitude is not needed. If you made the detector sensitive to 
weaker and weaker signals, you would make it more and more 
sensitive to background noise. 

CQ45.9 The hydrogen nuclei in water molecules have mass similar to that of 
a neutron, so that they can efficiently rob a fast-moving neutron of 
kinetic energy as they scatter it. A neutron bouncing off a more 
massive nucleus would lose less energy, so it would continue to 
travel through the shield. Once the neutron is slowed down, a 
hydrogen nucleus can absorb it in the reaction n + jH —> 2 H. 


SOLUTIONS TO END-OF-CHAPTER PROBLEMS 


Section 45.1 Interactions Involving Neutrons 

Section 45.2 Nuclear Fission 


*P45.1 


The energy consumed by a 100-W lightbulb in a 1.0-h time period is 
E =PAt =(l00 J/s)(l.O =3 - 6xl ° 5 J 


The number of fission events, yielding an average of 208 MeV each, 
required to produce this quantity of energy is 


E 

208 MeV 


3.6 xlO 5 J ( 1 MeV 

208 MeV [ 1.60xl0“ 13 J 


= |l.lxl0 16 


P45.2 The mass of U-235 producing the same amount of energy as 1 000 kg of 
coal is 


m =(3.30xlO 10 j)f 1MeV 13 ) 

v \ 1.60x10 3 J J 

f l U-235 nucleus V 235 g 

X l 200 MeV J { 6.02 x 10 23 nucleus 

= | 0-403 g | 
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P45.3 


P45.4 


P45.5 


P45.6 


Three different fission reactions are possible: 

In + 233 U-> 38 Sr + 4 £Xe +2 4 n | ^Xe | 

In + 233 U^ 9 °Sr + 1 «Xe +3 4 n | ^Xe | 

on+^U+t 9 °Sr+^Xe+4 4 n | ^Xe | 

If the electrical power output of 1.00 GW is 40.0% of the power derived 
from fission reactions, the power output of the fission process is 

1.00 GW = ( 2 5Qx10 9 j/ s )(s. 64xlO 4 s/d) =2.16 xlO 14 J/d 


The number of fissions per day is 
(2.16xl0 14 J/d)| 


\( 1 fission 1 

f leV I 

^200xlO 6 evj 

^1.60 xlO" 19 J J 


=6.75xlO 24 d 1 


This also is the number of 235 U nuclei used, so the mass of 235 U used per 
day is 


(6.75xlO 24 nuclei/d) 


235 g/mol | 

6.02xlO 23 nuclei/mol J 

=2.63xlO 3 g/d =1 2.63 kg/d 


In contrast, a coal-burning steam plant producing the same electrical 
power uses more than 6 x 10 6 kg/d of coal. 

First, the thorium is bombarded: 

In + 23 9 2 Th -4 23 9 3 0 Th 

Then, the thorium decays by beta emission: 

233 Th -4 233 Pa + _°e + v 

Protactinium-233 has more neutrons than the more stable 
protactinium-231, so it too decays by beta emission: 

233 Pa -4 233 U + _°e + v 

(a) The energy released is equal to the Q value, given by 

q =(A m)c 2 =[m n +M u .235 - M Ba . 141 - M Kr . 92 - 3 m n ]c 2 


with 

Am =[1.008 665 u +235.043 923 u-140.914 4 u 

-91.926 2 u-3(1.008 665 u)] =0.185 993 u 
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P45.7 


P45.8 


Then, 

Q =(0.185 993 u)(931.5 MeV/u) 4&73 MeV | 
(b) The fraction of rest energy transformed is 

f =— = °' 185 " 3U =7.88 x 10-* =| 0.078 8% | 
m i 236.05 u 1 - 1 

The energy released in the reaction n + 2 9 3 2 5 U 


33 Sr + 136 Xe + 12n 


Q = (Am)c 2 = - llm n - /n, s Sr - m 1#Xe ] c 2 

= [235.043 923 u - ll(l.008 665 u) 

-87.905 614 u-135.907 220 u](931.5 MeV/u) 
= 1126 MeV] 


In N collisions, the energy is reduced from 2.00 MeV to 0.039 eV: 


(2.00xlO 6 eV)(jj 


< 0.039 eV 


lM 0.039 
2J ~ 2.00xlO 6 


N In 


<ln 


0.039 ^ 

2.00x10 6 J 


N ln(2)> In 


2.00 x1PM 
0.039 J 


which gives 

N > 25.6 ^ N = [26| 

P45.9 The mass defect is 

A m = (m n + M V )-(M Zr + M Te +3m n ) 

Am = [1.008 665 u + 235.043 923 u 

- 97.912 7 u -134.916 5 u- 3(1.008 665 u)] 
= 0.197 393 u 
The energy equivalent is 

A me 2 =(0.197 393 u)c 2 ^ 931-5 ^ eV / c j = | 184 MeV | 
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P45.10 (a) At a concentration of C = 3 mg/m 3 = 3 x 10” 3 g/m 3 , the mass of 

uranium dissolved in the oceans covering two-thirds of Earth's 
surface to an average depth of h avg = 4 km is 

m v =cV =c(lA )h av =c[l[4nR 2 E )}h av 
or 

m u =^3xl0~ 3 -£3^!^ (6.38 xlO 6 m) 2 (4xl0 3 m) 
= |4xl0 15 g| 

(b) Fissionable 235 U makes up 0.700% of the mass of uranium 
computed above. If we assume all of the 235 U is collected and 
caused to undergo fission, with the release of about 200 MeV per 
event, the potential energy supply is 

E =(numberof 235 U atoms)(200 MeV) 

= a7oo% a %| (: , 

100 ( J 


and at a consumption rate of P = 1.5 x 10 13 J/s, the time interval 
this could supply the world's energy needs is At =E/P, or 


0.700 ( m u ^1 (200 MeV) 
’ 100 t j P 


_ 0.700 

4xl0 15 g | 

' 1 kg T 

if lyr 11 

100 

^(235 u)(l.66xl0 -27 
J( 200 MeV 

kg/ujU° 3 gJ. 

( 1.60xlO -13 j'j 

l 

^1.50xl0 13 J/s ) 

V 1 MeV J 

Hv3.16xl0 7 sJJ 


|5xl0 3 yr| 


(c) 


(Compare this value to that in part (b) of Problem 17, which is a 
more realistic estimate of the time interval for the uranium that 
can be extracted reasonably from the Earth.) 

The uranium comes from rocks and minerals dissolved in water 
and carried into the ocean by rivers. 


(d) |No.| Uranium cannot be replenished by the radioactive decay of 
other elements on Earth. 
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P45.ll 


One kg of enriched uranium contains 3.40% 2 g 2 U, so the mass of 
uranium-235 is 

m 235 = 0.034 0(1 000 g) = 34.0 g 
In terms of number of nuclei, this is equivalent to 


N 235 =(34.0 g)|^ 23 5 g 1 / mol ]( 6 - Q2xl ° 23 atoms / mo1 ) 
=8.71 xlO 22 nuclei 

If all these nuclei fission, the energy released is equal to 
(8.71 xlO 22 nuclei)(200x 10 6 eV/nucleus) 

x(l.602xl0 -19 J/eV) =2.79xlO 12 J 


Now, for the engine. 


. work output 

efficiency =--— or 

heat input 


PArcosd 

Oh 


So the distance the ship can travel per kilogram of uranium fuel is 


eQ„ _0.200(2.79xl0 12 j) 
>cos(0°) IfOxlO 5 N 


|5.58xl0 6 m| 


Section 45.3 Nuclear Reactors 

*P45.12 (a) With a specific gravity of 4.00, the density of soil is 

p =4.00 x 10 3 kg/m 3 . Thus, the mass of the top 1.00 m of soil is 

m =pV =(4.00 x 10 3 kg/m 3 ) (l.OO m)(43 560 ft 2 )f lm 1 
' V 3.281 ft J 

=1.62xlO 7 kg 

At a rate of 1 part per million, the mass of uranium in this soil is 
m 1.62xlO 7 kg r— — 

m u =— r =-7- - = 16.2 

u 10 6 10 6 |- 


(b) Since 0.720% of naturally occurring uranium is ^U, the mass of 
2 9 2 U in the soil of part (a) is 

m 2 3 s v =(7.20xl0“ 3 )m u =(7.20x 10“ 3 )(l6.2 kg) 

=0.117 kg = [ll7~g1 
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P45.13 


In one minute there are N'M — s -=5.00 x 10 1 fissions. 
1.20 xlO -3 s 

So the rate increases by a factor of (1.000 25) 50000 =| 2.68 xlO 5 |. 


(a) For a sphere: V =—7rr 


A _ 4nr 2 

v~WJ. 


-g ) * 


(b) For a cube: V =£ 3 —» i =\/ 1/3 , so 

— =— =- =1 6\A 1/3 I 

V t i I I 


, (v Y /3 

(c) For a parallelepiped: V =2 cf —> a = — , so 


(d) The answers show that the sphere has the smallest surface area 
for a given volume and the brick has the greatest surface area of 
the three. Therefore, [The sphere has minimum leakage and the| 
[parallelepiped has maximum leakage.) 

P45.15 Recall the radius of a nucleus of mass number A is r = dA 1/3 , where 

a = 1.2 fm. The center to center distance of the nuclei of helium (A = 4) 
and gold (A = 197) is the sum of their combined radii: 

r = (1.2 fm)(4) 1/3 + (1.2 fm)(197) 1/3 = 8.9 fm = 8.9 x 10~ 15 m 


The electric potential energy is 

u =cy 

r 

_(8.99xl0 9 N ■ m 2 / C 2 ) (2)(79)(l.60xl0- 19 c) e 
8.9xlO" 15 m 
=2.6xlO 7 eV = |26MeV] 


P45.16 


The power after three months is P = 10.0 MW = 1.00 x 10 7 J/s. If each 
decay delivers 1.00 MeV = 1.60 x 10” 13 J, then the number of decays/s 


1.00xlO 7 J/s 
1.60 xl0“ 13 J 


=| 6.25 x 10 19 lkj~ 
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P45.17 


P45.18 


(a) Do not think of the "reserve" as being held in reserve. We are 
depleting it as fast as we choose. The remaining current balance 
of irreplaceable 235 U is 0.7% of the whole mass of uranium: 

(0.007 00)(4.40xl0 6 tons )^Y ^]^= | 3 - 08xl ° 10 §1 

(b) The number of moles of 235 U in the reserve is 

m 3.08 xlO 10 g u , n8 - 71 

M 235 g/mole ■ 

(c) The number of moles found in part (b) corresponds to 

N =nN A =(l.31xl0 8 mole)^ 

= [Z89 x 10 31 nuclei | 

(d) We imagine each nucleus as fissioning, to release 


\( 6.02xlO 23 atom^j 

/ 1 nucleus ^ 

[ 1 mole J 

V 1 atom J 


(7.89 xlO 31 fissions)) 


200 MeV 


V 1.60 xlO ’ 13 Hr 
){ 1 MeV J ^ 


2.52 xlO 21 j| 


(e) The definition of power is represented by 
P = (energy converted)/ At, so we have 


Af= energy _ 2.52XlO 21 J = ( 1MxlQ s s )fc_ 1 yr \ 
P 1.5x10 3 J/s 1 v3.156x10 sy 

=| 5.33 yr | 


Fission is not sufficient to supply the entire world with energy at 
a price of $130 or less per kilogram of uranium. 


Assuming that the impossibility is not that he can have this control 
over the process (which, as far as we know presently, is impossible), 
let's see what else might be wrong. The reaction can be written 

o n d” —> ^La + 35 Br + n(gn) 


where n is the number of neutrons released in the fission reaction. By 
balancing the equation for electric charge and number of nucleons, we 
find that n = 1. If one incoming neutron results in just one outgoing 
neutron, the possibility of a chain reaction is not there, so this nuclear 
reactor will not work. 
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*P45.19 The total energy required for one year is 

E =(2 000 kWh/month)(3.60 x 10 6 J/kWh)(l2.0 months) 
=8.64 xlO 10 J 

The number of fission events needed will be 


8.64xlO 10 J 


E event (208 MeV)(l.60xl0 13 J/MeV) 
and the mass of this number of 235 U atoms is 

f N V. f 2.60xlO 21 atoms 
m= [wTj - = (. 6.02 XlO 23 atoms/mol f 35 S/m ° l} 

= plj] 

P45.20 (a) Since K = p 2 /2m, we have 




p =V2 mK =j2m^-k B T J 


=^/3(1.675xl0 -27 kg)(1.38x1 O ' 23 J/K) (300 K) 
= | 4.56 x 10 ~ 24 kg • m/s | 

(b) The de Broglie wavelength of the particle is 


p 4.56 x 10 kg • m/s 


=1.45 x 10 ~ 10 m = |0.145nm| 


(c) 


This size has the same order of magnitude as an atom's outer 
I electron cloud, and is vastly larger than a nucleus. 


Section 45.4 Nuclear Fusion 

P45.21 (a) Helium fusion proceeds according to 


2 He +*He 


4 Be +7 


(b) The beryllium produced by helium fusion fuses with another 
alpha particle according to 

*Be+^He^[f||+r 
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(c) The total energy released in this pair of fusion reactions is 
0 = (A m)c 2 = [2m,^ - m, t ]c 2 +[m., +m <He - m„ c ]c 2 
= [3m, Ht - m „ c ]c 2 

= [3(4.002 602 u)-12.000 000 u](931.5 MeV/u) 

= T7.27 MeV| 

P45.22 From Equation 45.2, the energy released in the reaction 

jH + jH -> 2 He + Jn is 17.59 MeV per event. The total energy required 
for the year is 

£=(2 000 kWh/month) (12.0 mon ths)(3.60xl0 6 J/kWh) 
=8.64 xlO 10 J 

so the number of fusion events needed for the year is 
a/= _E = 8.64xlO 10 J 

0 (17.59 MeV /event ) (1.602 x 10~ 13 J/MeV) 

= |3.07xl0 22 events] 

P45.23 The energy released in the reaction jH + jH —> 2 He +y is 
Q=(Am)c 2 =[m, H +m, H -m, H Jc 2 

=[ 1.007 825 u +2.014102 u-3.016 029 u](931.5 MeV/u) 
= 15.49 MeV] 

P45.24 (a) We assume that the nuclei are stationary at closest approach, so 

that the electrostatic potential energy equals the total energy E. 
Then, from the isolated system model, 

K f MJ f =K,MJ, -> U f =E 

then, 

fe»(z,e)(z ; e) =E 

r min 

_(8.99xl0 9 N-m 2 /C 2 )(l.60xl0- 19 cfz^ZJ 1 keV 

1.00 xlO -14 m [ 1.60 x hr 16 J J 

=(144 keV )ZjZ 2 

or |E = 144Z,Z 2 where E is in keVj| 

(b) [The energy is proportlph^l(|^^^i 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 



1158 Applications of Nuclear Physics 


(c) 


Tak eZ 1 = 1 and Z 2 = 59 or vice versa. This choice minimizes the| 
product Z 1 Z 2 . | If extra cleverness is allowed, take Z, = 0 and 
Z 2 = 60: use neutrons as the bombarding particles. A neutron is a 
nucleon but not an atomic nucleus. 


(d) For both the D-D and the D-T reactions, Z 1 = Z 2 = 1. Thus, the 
minimum energy required in both cases is 

E =<2.30 xl0~ 14 j)f 1MeV , 3 1 
V \ 1.60x10 3 J J 

=[l44 keV for both, according to this model. | 


P45.25 


(a) 


Section 45.4 in the text gives more accurate values for the critical 
ignition temperatures, of about 52 keV for D-D fusion and 6 keV 
for D-T fusion. The nuclei can fuse by tunneling. A triton moves 
more slowly than a deuteron at a given temperature. Then D-T 
collisions last longer than D-D collisions and have much greater 
tunneling probabilities. 


The Q value for the D-T reaction is 17.59 MeV (from Equation 
45.4). Specific energy content in fuel for D-T reaction (from Table 
44.2, mass = 2.014 u + 3.016 u = 5.030 u): 


(17.59 MeV)(l.60xl0“ 13 J/MeV) 
(5.030 u)(l.6605 x 10" 27 kg/u) 


=3.37 xlO 14 J/kg 


The rate of fuel burning for the D-T reaction is then 
_ (3.00xlO 9 J/s)(3600 s/hr) 
fDT “(3.37xlO 14 J/kg)(l0" 3 kg/g) 

= |~32.1 g/h burning of D and T~| 

(b) Using energy values from Equation 45.4, the specific energy 
content in fuel for D-D reaction is: 


Q = -(3.27 + 4.03) = 3.65 MeV 


From Table 44.2, the D-D mass is = 2(2.014 u) = 4.018 u. The 
specific energy content in D-D fuel is 


(3.65 MeV)(l.60xlO" 13 J/MeV) 
(4.028 u)(l.6605xlO" 27 kg/u) 


=8.73xlO 13 J/kg 
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and the rate of fuel burning for the D-D reaction is 
(3.00 xlO 9 J/s)(3 600 s/hr) .-. 

P45.26 (a) The radius of a nucleus with mass number A is r = dA 1/3 , where 

a = 1.2 fm. The distance of closest approach is equal to the center 
to center distance of the two nuclei: 

r f = r D + r T = (l.20 x 10~ 15 m)[(2) 1/3 + (3) 1/3 ] 

= 3.24 x 10- 15 m = | 3.24 fm | 

(b) At this distance, the electric potential energy is 

_k e d _(8.99xl0 9 N-m 2 /C 2 )(l.60xl0- 19 Cf 
f 7 f 3.24 x 1CT 15 m 

=7.10x10 " l 4 444 keV] , 

(c) Conserving momentum, m D v l , = (m D + m T )v f or 



(d) To find the minimum initial kinetic energy of the deuteron, we 
use K ; + U , = K f + U f , where U , = 0 because the deuteron starts 
from very far away (infinity), and with the result from part (c). 


K j + 0=-(m D + m J )v 2 f +U f 

K i=-( m D + m T)f———] v? + U f 

1 2 V D Tj (m n + m T ' f 


With some re-arrangement, we have 


K. J ¥ -tr^vf] +U f =[ V,. +U f 

+m T J\2 ) ^m D +/r) T j 


or 



solving for the initial kinetic energy then gives 
K =U f j ^ mT j = |(444 keV) = | 740 keV | 
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P45.27 


(e) The nuclei can fuse [possibly by tunneling through the potential 
energy barrier. 

(a) V =(317 xlO 6 mi 3 ) ^° 9m j =1.32 x 10 18 m 3 

From the periodic table, H has atomic mass 1.007 9 and O has 
atomic mass 15.999 4, so water has atomic mass 18.015 2. 

m water =P V =( 1q3 kg/m 3 )(l.32xl0 18 m 3 ) =1.32 x 10 21 kg 



=1.48xlO 20 kg 

^Deuterium =(0-030 0%)m H2 =(o.030 0 x 10‘ 2 )(l.48x 10 20 kg) 
=4.43 x 10 16 kg 


The number of deuterium nuclei in this mass is 

N _ ^Deuterium = 4.43 X 10 16 kg 

m Deum, (2.014 u)(l.66 XlO- 27 kg/u) 


=1.33 xlO 43 


Since two deuterium nuclei are used per fusion, 2 H + 2 H —> 4 He, 

the number of events is — =6.63 x 10 42 . 

2 


The energy released per event is 

=[2(2.014 102)-4.002 603]u(931.5 MeV/u) 
=23.8 MeV 


The total energy available is then 

E =( f )° =( 6 - 63xl042 )< 23 - 8 MeV )[ 1 , 6 ? MeV 3r ) 

= [z53 x 10 31 J | 


(b) The time this energy could possibly meet world requirements is 


E _ 2.53 x 10 31 J 

P _ 100(l.50x 10 13 J/s) 


=(l.69xl0 16 


S) ( 


3.16xlO 7 sj 


5.34xl0 8 yr 
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P45.28 (a) Including both ions and electrons, the number of particles in the 

plasma is N = 2n V, where n is the ion density and V is the volume 
of the container. Application of Equation 21.6 gives the total 
energy as 

E =| NkJ =3 nVkJ 

=3(2.00xlO 13 cm“ 3 )^(50.0 m 3 ) ^^ jj 

x(l.38xl0 -23 J/k)(4.00x10 8 k) 

E = [~1.66xl0 7 J | 


P45.29 


(b) The specific heat of water is C = 4 186 J/kg • °C, and the energy 
required to raise the temperature of one kilogram of water from 
27.0°C to 100°C is given by Equation 20.4: 

Q =mcAT =(l.00 kg)(4 186 J/kg•°C)(100°C-27.0°C) 

=3.06xlO 5 J 

From Table 20.2, the heat of vaporization of water is 
L v =2.26 x 10 6 J/kg, so that a total of 


Ej kg =3.06 x 10 5 J +2.26 x 10 6 J =2.57 x 10 6 J 


is required to boil away each kilogram of water initially at 27.0°C. 
The mass of water that could be boiled away is therefore 


m 


E _ 1.66xlO 7 J 
E lkg 2.57xlO 6 J/kg 


=| 6-45 kg | 


(a) Taking m « 2 m p for deuterons, we have 


1 -j 3, _ 
-mv 2 =-kJ 

2 2 B 


The root-mean-square speed is 

_ |3 kj _ 3(1.38 x 10- 23 J/K)(4.00 x 10 8 K) 

Vfms ~^2~m~ p ~]j 2(l.67 x 10' 27 kg) 

= 12.23 x 10 6 m/s] 

(b) The confinement time in the absence of confinement measures is 


_x _ 0.100 m 

~v _ Z23^10Sn/s~ 
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P45.30 


P45.31 


(a) By adding 1 + 6 = 7 and 1 +12 = 13, we have + 1Z 6 C —» +y so 

nucleus A is |' 3 N.| 

(b) Now 13 - 0 = 13 and 7 -1 = 6, so the positron decay is 
“N —> 13 C +°e +v and nucleus B is | 13 C.| 

(c) Similarly, we have JH + 13 C —> “N +y and nucleus C is | 14 N.| 

(d) The hydrogen nuclei keep piling on like rugby players after a 
tackle. We have 4 H + 14 N —> 13 O +y and nucleus D is | 15 Q.| 

(e) Now —> *®N +°e +v, so nucleus E is | 15 N.| 

(f) We calculate 15 + 1 - 4 = 12 and 7 + l- 2 = 6to identify 
]H + 13 N -> 12 C + 4 He and nucleus F is | 12 C.| 

( g ) ^ original carbon-12 nucleus is returned.) One carbon nucleus 
can participate in the fusions of colossal numbers of hydrogen 
nuclei, four after four. Carbon is a catalyst. 

The two positrons immediately annihilate with electrons 
according to °e + _°e —> 2y. The overall reaction, obtained by 
adding all eight reactions, can be represented as 

\H + 12 C +;H +\H +;H +2_°e -+ 4 He + l \C +7y +2v 

This simplifies to |4( 4 H)+2_°e -^\We+2v\ . The net reaction is 

identical to the net reaction in the proton-proton cycle which 
predominates in the Sun. In energy terms the reaction can be 
considered as 4( 4 H atom) —> 4 He atom + 26.7 MeV, where the Q 
value of energy output was computed in Chapter 39, Problem 67 
and again in Problem 59 in this chapter. 

(a) Lawson's criterion for the D-T reaction is m > 10 14 s/cm 3 . For a 
confinement time of r= 1.00 s, this requires a minimum ion 
density of n = | 10 14 cm~ 3 | . 

(b) At the ignition temperature of T = 4.5 x 10 7 K and the ion density 
found above, the plasma pressure is 

P =2nk B T 

=2^(l0 14 cm" 3 10 i 6 ^ 3 jj(l.38x 10~ 23 J/k)(4.5x10 7 k) 

= | 1.2 xlO 5 j/m 3 | 
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(c) The required magnetic energy density is then 

U B =— > 10 P =10(l.2 x 10 5 J / m 3 ) =1.2 x 10 6 J / m 3 
2 Mj 

which requires a magnetic field of magnitude 

B > pp, (10 P) =^2(4 n x 10- 7 N / A 2 )(1.24 x 10 6 J / m 3 ) 

= |1.8T| 

This is a very strong field. 


Section 45.5 Radiation Damage 

P45.32 (a) The number of x-ray images made per year is (assuming a 2-week 

vacation) 

n=(8 x-ray/d)(5 d/wk)(50 wk/yr) =2.0 xlO 3 x-ray/yr 


The average dose per photograph is 
5.0 rem/yr 


: 2.5 x 10 3 rem/x-ray =| 2.5 mrem/x-ray | 


2.0x10 x-ray/yr 

(b) The technician receives low-level background radiation at a rate 
of 0.13 rem/yr. The ration dose of 5.0 rem/yr received as a result 
of the job to background is 
5.0 rem/yr _ 3g 
0.13 rem/yr 


The technician's occupational exposure is high compared to 
background radiation—it is 38 times 0.13 rem/yr. 


=-—lnf-t 

u u 


(a) / =/ 0 e ux , so X =-In — L with /J = 1.59 cm 


When the intensity / = 
1 


(b) When / 

x = 


1.59 cm -1 

/n 


1 )=^ 


1.00 xlO 4 
1 


j 5.79 cm I 
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P45.34 (a) / =/ 0 e' u 


, so X = -In I — 

P [l o 


When intensity / =—, X=-—In 

If 


ln( 2 ) 

2 p 

do ) 

P Ui 

P 

(b) When intensity / = fl n/ X =-—In 1 

rl 

|=-hn(f)=[ 

In f 

p \ 


P 

P 


P45.35 The source delivers 100 mrad of 2.00-MeV 7 -rays/h at a 1.00-m 
distance. The RBE for these 7 -rays is 1.0 (from Table 45.1). 

(a) From Equation 45.6, 

dose in rem =dose in rad x RBE 
1.00 rem =dose in rad x 1.0 
or, dose in rad =1.00 rad =(l00x 10 “ 3 rad/h)At 

which gives At =10.0 h. 

Thus a person would have to stand there | 10.0 hours~| to receive 
1.00 rem from a 100 -mrad/h source. 

(b) If the 7 -radiation is emitted isotropically, the dosage rate falls off 



Thus a dosage 10.0 mrad/h would be received at a distance 
r =VlO.O m = | 3.16 m~| . 

*P45.36 For each gray (GY) or radiation, 1 J of energy is delivered to each 

kilogram of absorbing material. Thus, the total energy delivered in this 
whole body dose to a 75.0-kg person is 

E =(0.250 Gy)f 1 IAS j(75.0 kg) = [18171 

P45.37 By definition, one rad increases the energy of one kilogram of the 

absorbing material by 1.00 x 10 ' 2 J. The energy starts as energy carried 
by electromagnetic radiation, and turns entirely into internal energy. 
The 1 000 rad or 10.0 gray = 10.0 Gy will then put 10.0 J/kg into the 
body, to raise its temperature by the same amount as 10.0 J/kg of 
energy input by heat from a higher-temperature energy source. In 
Q =mcAT we have Q /m = 10.0 J/kg and 


AT =~~ =(l0.0 J/kg)| 


4186J/kg 


°cj" 


2.39 xl0 “ 3 °C 
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P45.38 


Assume all the energy from the x-ray machine is absorbed by the 
water and that no energy leaves the cup of water by heat or thermal 
radiation. The energy input to the cup and the temperature of the 
water are related by 

T er =mcAT 


Because the power input P is equal to T ER / AT, we have 


PAt =mcAT 


mcAT 


where we have solved for the time interval required to raise the 
temperature of the water. We note that the temperature of the water 
will increase until it is 100°C, after which the latent heat of 
vaporization of L v =2.26 x 10 6 J/kg would have to be added to boil the 
water. For the purposes of this problem, we limit ourselves to 
increasing the temperature of the water to 100°C. Substituting 
numerical values gives 


A t = 


m (4 186 J/kg-°C)(50.0°C) 
(10.0 rad/s)(l x 1CT 2 J/kg)m 


= 2.09 x 10 6 s = 24.2 d 


Therefore, it would take over 24 days just to increase the water's 
temperature to 100°C, and much longer to boil it, and this technique 
will not work for a 20-minute coffee break! 


P45.39 The number of nuclei in the original sample is 

m _ mass present _ 5.00 kg 

0 mass of nucleus (89.907 7 u)(l.66x 10 -27 kg/u) 
=3.35 xlO 25 nuclei 
The decay constant is 

A =^-^~ = 0-693 _2 gg x iq-2 -i = 4 53 x iq- 8 m j n -' 
T i /2 29.1 yr 


The original activity is 

R 0 =AA/ 0 =(4.53xlO -8 min -1 )(3.35x 10 25 nuclei) 
=1.52xlO 18 decays/min 
The law of decay then gives us 

R _ 10.0 decays/min 

R 0 1.52xlO 18 decays/min 


- =6.59 x 10“ 18 = 
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P45.40 


P45.41 


and the time interval is 

-In (R/R 0 ) -ln(6.59xl0- 18 ) i--- 1 

t= - \ 01 = -i- 5 - t ~ = 1.66x10 s yr 

A 2.38 xlO' 2 yr' 1 I-I 

If half of the 0.140-MeV gamma rays are absorbed by the patient, the 
total energy absorbed is 


_(0.140 MeV) 

( 1.00xlO' 8 g^l 

( 6.02xlO 23 nucleiV 

2 

[ 98.9 g/mol J 

[ 1 mol J 


=(4.26xlO 12 MeV)(l.60xl0 -13 J/MeV) =0.682 J 
_ 0.682 J f 1 rad 


Thus, the dose received is Dose = 


60.0 kg ^10- 2 J/kg 


The decay constant is A =ln2/T 1/2 =ln 2/17.0 d . The number of nuclei 
remaining after 30.0 days is 


N =N„<f u = N o ex p[(^f ) 3a0 d] =0.294N„ 

her decayed isN 0 -N = N 0 (1 -0.294) = 0.706N 0 . 
energy release is 

2.12 J=(0.706A/ 0 )(21.0x 10 s eV)^ 1 ' 60 *^ * 


N n 


2.12 J 


2.37 xl0‘ 15 J 
(a) The initial activity is 
In 2 


R n =AA/ n 


17.0 d 


(8.94xl0“)[ i 


Id 


= 4.22 xl0 b Bq 


(b) We find the total mass contained in the seeds from 
original sample mass =/T) =N O m oneatom 


=8.94xl0 1 |(l03u)( 1 - 66X i 1 f k g J 


Then, 


m = 1.53 x IQ- 10 kg =1.53 x 10" 7 g =153 ng 
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P45.42 The nuclei initially absorbed are (mass from Table 44.2) 

N 0 =(l.00 x 10- g)f 6-02x10” nuclei/mol ) 12 

0 ' 6I \ 89.9 g/mol ) 

The number of decays in time t is 

AN =N 0 -N =N 0 (l - e =N 0 (l - e {]n2)t/Tv2 ) 

At the end of 1 year, 

AN =N 0 -N =(6.70 x 10 12 )|l - exp |J j 1.00 yr j j 

=1.58 xlO 11 

The energy deposited is 

E =(l.58 x 10 11 )(l.l0 MeV)(l.60 x 10 ” 13 J/MeV)= 0.027 7 J 

Thus, the dose received is 

fo 0277 1^1 i-:- 1 

D ° Se H 7 ookg j = | 3.96x10 J/kg | =0.039 6 rad 


Section 45.6 Uses of Radiation 


P45.43 (a) With / (x) =^-/ 0 , / (x) =/ 0 e ^ becomes 



2 = e ^ 72x/mm In2 = 0.72x/mm -^x= ( hl2 ) 111111 
' 0.72 

= | 0.963 mm~| 

(b) The intensity reaching the detector through X 1 = 0.800 mm of steel 
is / 1 =! {) e m . That transmitted by thickness X 2 = 0.700 mm is 
1 2 =l 0 e ^ 2 . The fractional change is 

/ 2~ / l _ / 0 6 ^ ~ I o e t* 1 _ -fj(x 1 -x 2 ) _ 1 _U0.720/mm)(0.100 mm) _ -i 

li l 0 e^ 

=# 0720 _ : =40.074 7 =7.47% 

As the thickness decreases, [the intensity increases by 7.47%.| 
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P45.44 


P45.45 


(a) Starting with N = 0 radioactive atoms at t = 0, the rate of increase 
is (production - decay) 

-=R-XN so dN =(R-XN)dt. 
dt ' 1 


The variables are separable. 

f-*—j* -IJ 

JR-XN i X \ 


' R-XN 
R-XN 1 


R -XN \ 

R ) = 


( R-XI 

\ R 


-X t and 


( R-* 

{ R 


-XN\ 




Therefore 1- N - 

R 


N =-(l-e x 
X y 


(b) The maximum number of radioactive nuclei would be — 

| X 

10 4 MeV 

(a) The number of photons is-=9.62 x 10 . Since only 50% 

F 1.04 MeV y 

of the photons are detected, the number of 65 Cu nuclei decaying is 
twice this value, or 1.92 x 10 4 . In two half-lives, three-fourths of 
3 - 

the original nuclei decay, so — N 0 =1.92 x 10 4 and N 0 = 2.56 x 10 . 


This is 1% of the Cu, so the number of Cu is 2.56 x 10 6 


- 10 6 


(b) Natural copper is 69.17% 63 Cu and 30.83% 65 Cu. Thus, if the 

sample contains N Cu copper atoms, the number of atoms of each 
isotope is N 63 = 0.691 7 N Cu and N 65 = 0.308 3 N Cu . Therefore, 
0.6917 


0.308 3 


or N 63 =(———)n 65 =f (2.56 xlO 6 ) =5.75 xlO 6 

63 10.3083 ) 65 10.3083 r 1 

The total mass of copper present is then 

m Cu = (62.93 u) N 63 + (64.93 u) N 65 

m Cu = [(62.93 u)(5.75xl0 6 ) +(64.93 u)(2.56xl0 6 )] 

x(l.66xl0 -24 g/u) 

= 8.77 x 10~ 16 g I ~ 10~ 15 g I 
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Additional Problems 

P45.46 (a) The energy released by the )H +“B —> 3 ( 2 He) reaction is 

<?=[«.„ +M.J.-3 M, m y 

0 =[1.007 825 u+11.009 305 u-3(4.002603 u)] 

x (931.5 MeV/u) 

= \8.68 MeV| 

(b) 


P45.47 From 

0 =m Li v Li +m a v a or m Li v u =m a v a 


The particles must have enough kinetic energy to overcome their 
mutual electrostatic repulsion so that they can get close enough 
to fuse. 

momentum conservation, we have 


Thus, 


K u =2 m u' / Li 


i k^f .kO 2 

2 m Li 2m u 





(4.002 6 u) 2 
2(7.0160 u) 


9.25 x10 s m/s) 


=(l.l4 u)(l.66xl0~ 27 kg/u)(9.25xl0 6 m/s) 2 
K u =1.62 xlO- 13 J = 1 1,01 MeV | 


_(A P ma 


(a) We have / =^p\/((ys max f , and from Equation 17.10, / =- ^ 

Substituting the second expression for / into the first and solving 
for S max gives 


-f-f — 

' 2 (Ap max ) 2 ' 

1/2 

_AP max 

\pv) CO 

pv 2 pv 

copv 


Solving for AP max and assuming S max ~ 2.5 m, 

AP max =copvS max =(l s _1 )(l.20 kg/m 3 )(343 m/s)(2.5 m) 
~ [lO 3 Pa| 
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(b) The change in volume is given by 

AV =4nr 2 Ar =4tt (l4.0 x 10 3 m) 2 (2.5m) 

=1.23xlO 8 m 3 ~ | 6xl0 9 m 3 ] 

(c) The energy carried by the blast wave is 

I/I/ =(AP max )(AV) =(l0 3 Pa)(6xl0 9 m 3 ) = |6xl0 12 71 

(d) Since the blast wave carries only 10% of the bomb's energy, 

6 x 10 16 J (yield), and the bomb yield is then 

yield =6x 10 13 j| J 

(e) The yield in terms of tons of TNT is 

6x10 13 T i-1 

- 5 ---=1.42 x 10 4 ton TNT ~ 10 4 ton TNT 

4.2xlO 9 J/tonTNT 1 - 1 


*P45.49 The Japanese call it the original child bomb. 


(a) 


(b) 


Suppose each 235 U fission releases 208 MeV of energy. Then, the 
number of nuclei that must have undergone fission is 

^ _ total release _ 5xl0 13 J 

energy per nuclei (208 MeV)(l.60 x 10“ 13 J/MeV) 


= 1.5xlO 24 nuclei 


*=f— 
^ 6.02 > 


,5 x 10 24 nuclei 
xlO 23 nuclei/mol 


(235 g/mol) = I 0.6 kg I 


P45.50 (a) Subtracting the background counts, the decay counts are 

N j = 372 - 5(15) = 297 in the first 5.00 min interval and 
N 2 = 337 - 5(15) = 262 in the second. The midpoints of the time 
intervals are separated by T = 5.00 min. We use R =R 0 e xt , taking 
t = T and identifying R 0 = N JT = 297/5 min and R = N 2 /T = 
262/5 min. We have then 



aw or 

262 J 

' 297 \ 

T \ 

t r or 

5 min 1 

v 5 min J 


which gives 

-(ln2/f 1/2 )r = N a 

N 1 


-(ln2/T 1/2 )(5.00min) 262 

or 11 ' = - 

297 
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(b) 


(N 2 ) 

or 

-hir =ln[ 

^ 262 A 

[nJ 


.297 J 


Solving, 

ln2 r _ 

T l/2 

The half-life is then 

T '« = W% T = ln(262/297) (5 ' 0 ° ""'S 

NOTE: If it seems questionable to set instantaneous decay rates 
equal to average decay rates, to let R 0 = N JT and R = N 2 /T, see 
the Alternate Solution to (a) below. The results are the same. 
The average count rate is about 


262 


297 


1 min^ _ 

- ~ 1 s 

5 min 5 min A 60 s ) 


but the counts are randomly spaced in time, meaning some 
counts near the beginning and end of each 5.00-min interval 
should or should not have been counted. Let's assume that the 
count incidence could vary by as much as 5 seconds, so we shall 
assume a count uncertainty of ±5. The smallest likely value for the 
half-life is then given by 


262-5 


ln2, 


JhI 297 + 5 j = -^(5-00 min), giving (t^)^ =21.5 min 
>le value is found from 

= -——(5.00 min), yielding (t i/2 ) =38.7 mil 

/ 1/2 max 


The largest credible value is found from 
jY 262 + 5^ ln2 

1297 - 5 

Thus, the half-life is about 

( 38.5 +21.7^ , ( 38.5 


T V2 =1 ■ 


-M ! 


-21.7 ^ 


2 2 
=(30 ±8) min = | 30 min ±27% ] 

Alternate Solution to (a) The amount of the radioactive sample at 
time t is N =N 0 e ?t , where we do not know N 0 . The number of 
decay counts between t = 0 and t = T are 

N 1 =N 0 (l-e* r )=297 

and the number of decay counts between t = 0 and t = 2T are 
N, + N 2 = N 0 (l - e ' nT ) = 297 + 262 = 559 
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P45.51 


P45.52 


To eliminate N 0 , we consider the ratio of the counts: 

r _ N, + N 2 _ N 0 (l-e X2T ) _ 559 
r ~ N 1 ~ N 0 (l-e XT ) ~297 

.- (i-O (i-g ir )(i+g >r ) _, ier , r 

-(In 2 /T m )T = A/j 

N 1 

which leads to the same result as above, T 1/2 j T. 


solving. 


, n,+n 2 , /V, 

e - f A/. * ” A/| 


(a) The energy amplification is 

E ^CAV 2 | (5.00 x 10" 12 F)(l.00 x 10 3 vf 

Eo _ 0.500 MeV ”(0.500 MeV)(l.60 x 10" 13 J/MeV) 
= | 3.12 x 10 7 ] 


(b) The number of electrons is 

N _Q _CAV _(5.00 x 10- 12 F)(l.00 x 10 3 v) 
_ ~e e 1.60 x 10“ 19 C 


= 3.12 x 10 10 electrons 


(a) To conserve momentum, the two fragments must move in 
opposite directions with speeds V 1 and V 2 such that 


m,v,=m 2 v 2 or v = 


The kinetic energies after the break-up are then 

K 1 =-m 1 \/ 1 2 and K 2 =-m 2 \/ 2 =-m 2 f—] v\ =f^ l/C, 

1 2 1 1 2 2 2 2 2 2 {m 2 ) 1 [rr 1 1 

The fraction of the total kinetic energy carried off by m 1 is 
JC, _ /C t K, _ m 2 

K tot K t + K 2 K 1 + (m 1 /m 2 )K 1 m 1 + m 2 
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and the fraction carried off by m 2 is 

K 2 _ K 1 m 2 _ m 1 

K tot K tot m 1 +m 2 m 1 +m 2 

(b) The disintegration energy is 

Q =(236.045 562 u-86.920 711 u-148.934 370 u) 

x (931.5 MeV/u) 

=177.4 MeV= | 177 MeV] 

(c) Immediately after fission, this Q -value is the total kinetic energy 
of the fission products. From part (a), 

K 1 _ m 2 _/C Br 
K tot ~m 1 +m 2 ~ Q 

Then, 

K Kr = Q m La = (177.4 MeV)f — —1 = 1112.0 MeV| 
Br m Br + m La v a 87 u + 149 u ) 1 - 1 

and K La =Q-K Bl =177.4 MeV-112.0 MeV = |65.4MeV| 

(d) The speed of the fragments is given by 

_ f2IC^_ 1 2(ll2xl0 6 eV)(l.60xl0 -19 J/eV) 

1/81 (87 u)(l.66xl0 ~ 27 kg/u) 

=1.58 xlO 7 m/s, ^ 15.8 Mm/s:[ 

and 


_ _ (2(65.4x 10 6 eV)(l.60xl0- 19 J/eV) 

Vu ~]l m u (149 u)(l.66xl0 -27 kg/u) 

=9.20xlO 6 m/s = | 9.30 Mm/s | 

^P45.53 (a) For each of the following six steps, the subscripts a-fofQ refer to 

the corresponding step in Problem 45.30. 

For “C+'H—> 13 N+Q, 

Q a = (12.000 000 + 1.007 825-13.005 739)(931.5 MeV) 

= [ 1.94 MeV | 

For the second step, add seven electrons to both sides to get: 

13 N atom -» 13 C atom +e + +e +0 
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Then, 

Q b =[13.005 739-13.003 355-2(0.000 549)](931.5 MeV) 

Hi.20 MeV.'.J , 

Q c =[13.003 355+1.007 825-14.003 074](931.5 MeV) 

= | 7.55 MeV j 

Q d =[14.003 074+1.007 825-15.003 065](931.5 MeV) 

= | 7,30 MeV | 

Q e =[15.003 065-15.000 109-2(0.000 549)](931.5 MeV) 

= | 1.73 MeV~| 

Q f =[15.000 109+1.007 825-12-4.002 603](931.5 MeV) 

= | 4.97 MeV~| 

(b) The energy released in the annihilations is 

0 3 =Q 7 =2(0.000 549)(931.5 MeV) 

= | 1.02 MeV~| 

(c) The sum is | 26.7 MeV~| , the same as for the proton-proton cycle. 


P45.54 


(d) Not all of the energy released appears as internal energy in the 
star. When a neutrino is created, it will likely fly directly out of 
the star without interacting with any other particle. 

The original activity per area is 


5.00 xlO 6 Ci 
10 4 km 2 


1 km V 

10 3 mj 


=5.00xlO- 4 Ci/m 2 


The half-life is 29.1 yr. The decay law, N =N 0 e At , becomes the law of 
decrease of activity, R =R 0 e~ u . If the material is not transported, it 
describes the time evolution of activity per area, R/A =R 0 /A e~ u . 
Solving for the time t gives 


R/A 




Substituting numerical values. 


( 29.1 yr 


_29.i y r i^f 

5.00 xlO -4 

Ci/m 2 ^ 

\ In 2 , 

) {r/a) 

In 2 \ 

2.00 xlO -6 

Ci/m 2 ) 


= [ 232 ^ 7 ] 
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P45.55 


P45.56 


The number of nuclei in 3.80 kg of 2 g 3 Pu is 

J -3800g-1(6.022xlO 23 nuclei/mol) 

0 ^238.049 560 g/mol y ' 1 

=9.61 x 10 24 nuclei 

The half-life of 233 Pu is 87.7 years, so the decay constant is given by 

A =^ = 7 -rj ——- - -t =2.51 x 10- 10 s- 1 

T y2 (87.7 yr)(3.155 x 10 7 s/yr) 

The initial activity is 

R 0 =AA/ 0 =(2.51 xlO -10 s _1 )(9.61xl0 24 nuclei) =2.41 xlO 15 Bq 


The energy released in each 233 Pu 234 U + 4 He reaction is 


O =[ m ^~ 

Q =[238.049 560 u- 234.040 952 u-4.002 603 u] 

x (931.5 MeV/u) 

=5.59 MeV 

Thus, assuming a conversion efficiency of 3.20%, the initial power 
output of the battery is 

P =(0.032 0 )R 0 Q 

=(0.032 0)(2.41xl0 15 decays/s)(5.59 MeV/decay) 

x(l.602xl0 -13 J/MeV) 

= | 69.0 W | 


The number of hydrogen-3 nuclei is 

N =(50.0 m 3 )^2.00 x 10 14 P ^ 3 leS )(l00 cm/m) 3 
=1.00 x 10 22 particles 
The decay constant is 



The activity is then 

R =XN =(l.78xl0" 9 s _1 )(l.00xl0 22 nuclei) =1.78 x 10 13 Bq 
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In curies this is 

R =(l.78 x 10 13 Bq) -- =482 Ci 

1 4 ^3.70xl0 10 BqJ 

482 Ci, which is less than the fission inventory by on the order of a| 
hundred million times.) 

P45.57 The complete fissioning of 1.00 gram of 235 U releases 

, I j.QQ g - f y 6.02 x 10 23 atoms 
235 grams/mol mol 

200 MeV V 1.60xl0~ 13 J ^| 
fission MeV J 

=8.20 xlO 10 J 

If all this energy could be utilized to convert m kilograms of 20.0°C 
water to 400°C steam (see Chapter 20 of text for values), then 
0 =mc w AT +mL v + mc s AT 
0 =m[(4 186 J/kg °C)(80.0°C) +2.26xl0 6 J/kg 

+(2 010 J/kg °C)(300 °C)] 

8 20 x 10 10 I i- 1 

Therefore, m =— : - - —-— = 2.56xlO 4 kg 

3.20x10 s J/kg I- 

P45.58 When mass m of 235 U undergoes complete fission, releasing energy E 
per fission event, the total energy released is 



where N A is Avogadro's number. If all this energy could be utilized to 
convert a mass m w of liquid water at T c into steam at T h , then 

Q =m w [c w (l00°C-T c )+L v +c s (T„ - 100°c)] 

where C w is the specific heat of liquid water, L v is the latent heat of 
vaporization, and C s is the specific heat of steam. Solving for the mass 
of water converted gives 

m w 


_ Q _ 

[c w (l00°C-T c ) +L„ +c s (T h -100°C)] 
mN a E 

M [c w (100 -T c ) +L V +c s (T h - 100)] 
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P45.59 


P45.60 


(a) O i = [M a + M b -M c -M e Jc 2 , and 

0„ =[M C +M d -M p -M g ]<? 

<?„„ =0, +0„ =[M a +M b - M c - M e +M c +M D -M r -M c Jc 2 

On. =0, +0„ =[M a +M b +M d - M e - M f - M c Y 

Thus, reactions may be added. Any product like C used in a 
subsequent reaction does not contribute to the energy balance. 

(b) Adding all five reactions gives 

\H +|H+ _°e + \H+ \H+ A 2 He +2v 
4 |H+2 _?e^ 2 He +2v 
Adding two electrons to each side gives 
4 |H atom —> jHe atom +2v 
Thus, 

0„,=[4 

=[4(1.007 825 u)-4.002 603 u](931.5 MeV/u) 

= | 26.7 MeV~| 

(a) From the definition of the volume of a cube and the definition of 

mass density, we have V =—, so 
P 


0 -f r 

v/ 


‘V 1 =l 


70.0 kg 


19.1 xlO 3 kg/nr 


=0.154 m = 15.4 cm 


(b) We add 92 electrons to both sides of the given nuclear reaction. 
Then it becomes 

233 U atom —> 8 \ He atom + 2 “Pb atom 
The Q value of this reaction is 


=[238.050 783 - 8(4.002 603)-205.974 449](931.5 MeV/u) 
0 = | 51.7 MeV ] 
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P45.61 


(c) 


The number of decays per second is the decay rate R, and the 
energy released in each decay is Q. Then the energy released 
per unit time interval is P =QR. 


(d) The decay rate for all steps in the radioactive series in steady state 
is set by the parent uranium: 

N =f 7 ‘ 0Qxl ° g l(6.02xl0 23 nuclei/mol) 

^ 238 g/mol j ' 1 

=1.77 xlO 26 nuclei 


The decay constant is 
„ In 2 In 2 


T 1/2 4.47 x 10 9 yr 

and the rate of decays is then 


=1.55xl0 _1 


yr 


R =A/V =^1.55xlO“ 10 ^-j(l.77xl0 26 nuclei) 
=2.75xlO 16 decays/yr 


so, P =QR =(51.7 MeV)(2.75xlO 16 yr _1 )(l.60x 10“ 13 J/MeV) 
= [~Z27 x 10 5 J/yr | 


(e) We know that 

dose in rem = dose in rad x RBE 


or 


5.00 rem/yr = (dose in rad/yr)(1.10) 
giving 

(dose in rad/yr) = 4.55 rad/yr 
The allowed whole-body dose is then 

(70.0kg)(4.55 rad/yr 3-18 J/yr | 


(a) The mass of the pellet is 

4 k ( 1.50 x 10~ 2 cm f 

.3 l 2 J 

=3.53xlO" 7 g 


m =pV =pw 3 =( 0 - 200 s/cm 3 ) 
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The pellet consists of equal numbers of 2 H and 3 H atoms, so the 
average molar mass is 2.50 and the total number of atoms is 

N =f 3-53x10 g l(6.02xl0 23 atoms/mol) 

^ 2.50 g/mol y 1 1 

=8.51 xlO 16 atoms 

When the pellet is vaporized, the plasma will consist of 2A/ 
particles ( N nuclei and N electrons). The total energy delivered to 
the plasma is 1.00% of 200 kj or 2.00 kj. The temperature of the 
plasma is found from E ={2N )(| k K T ) as 


P45.62 


P45.63 


T 


E 2.00 x 10 3 J 

3 Nkg 3 (8.51 x 10 16 )(l.38 x 10“ 23 


7/k]‘ 


(b) Each fusion event uses 2 nuclei, so N/2 events will occur. From 
Equation 45.4, the energy released by one fusion event is 17.59 
MeV, so the total energy released will be 

E =[^ 8-51x10 6 j(l7.59 MeV)(l.60xl0~ 13 J/MeV) 

=1.20xlO 5 J = | 120 kj | 

(a) From the given equation, the ratio of the two intensities is 
[_2_ Jo e ^ _| g-(^ 2 -H)x I 

I, l 0 e »I-1 


(b) Substituting numerical values into the equation in part (a) gives 

=exp[-(5.40 cm" 1 -41.0 cm^O-lOO cm)] =e 5 ' 56 =\352] 

'l00 - 

(c) Here, x = 10.0 mm = 1.00 cm, and 

=exp[-(5.40 cm" 1 -41.0 cm _1 )(l.00 cm)] =e 556 

' 100 

= 12.89x10^ 


Thus, a 1.00-cm-thick aluminum plate has essentially removed the 
long-wavelength x-rays from the beam. 

The momentum of the alpha particle and that of the neutron must add 
to zero, so their velocities must be in opposite directions with 
magnitudes related by 


m n v n +m a v a =0 or (1.008 7 u)\/ n = (4.002 6 u) v a 
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At the same time, their kinetic energies must add to 17.6 MeV: 

E =^m n v 2 n +^m a vl =|(1.008 7 u)v 2 n (4.002 6 u)v 2 a 
= 17.6 MeV 

Substitute v a =0.252 0v n to obtain 

E = (0.504 35 u)\^ + (0.127 10 u)^ 

= 17.6 MeV -—- T 

^931.494 MeV/c 2 J 

Solving for V n then gives 

/ 0-018 9c 2 173c =519 10 / m/s 

n V 0.631 45 

Since this speed is not too much greater than 0.1c, we can get a 
reasonable estimate of the kinetic energy of the neutron from the 
classical equation, 

„ 1 2 1/, ,2 r 931.494 MeV/cM 

K =-mv 2 =-(1.008 7 u)(0.173c) -— 

2 2 { u J 

= |14.1 MeV | 

For a more accurate calculation of the kinetic energy, we should use 
relativistic expressions. Conservation of energy for this reaction 
requires that 

E n + E a = (m n c 2 + K n ) + (m a c 2 + K a ) = m n c 2 + m a c 2 + K [1] 

where K = 17.6 MeV is the total kinetic energy, and conservation of 
momentum for this reaction requires that 

Pn +P« =0 -> Pn =Pa [2] 

From the relation between total energy, mass, and momentum of a 
particle, we have 

E 2 = p 2 c 2 + (mc 2 f -> p 2 c 2 =E 2 -(mc 2 f [3] 

From equations [2] and [3], we may write 
PnC 2 = PaC 2 

F 2 -( m „ C 2 ) 2 = E 2 a -( m aC 2 ) 2 
E 2 -E 2 = (m n c 2 f - (m a c 2 f 
(£ n -E a )(E n +E a ) = (m n c 2 f-(m a c 2 f 
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P45.64 


Substituting the above expression into equation [1] gives 

(E n - E a )(m n c 2 + m a c 2 + K) = ( m n c 2 f - (m a c 2 f 

E _ E Key-Kef 

n “ (m n c 2 + m a c 2 + K) 

E =E 

“ n (m n c 2 + m a c 2 + K) 

Substituting this result back into equation [1] gives 


m n r - m„c , 


" n (m n c 2 + m a c 2 + K ) 


= mc 2 + mc 2 + K 


2E„ = Kc- + ^ + q + | m " c ;) 2 -(y 2 /, 

v ’ [m n c 2 + m a c 2 + K ) 

E (m n c 2 + m a c 2 + K) 2 + (m n c 2 f -(m a c 2 f 

n 2(m n c 2 + m a c 2 + /<') 

To find the kinetic energy of the neutron, we note that E n =m n C 2 +K n : 

E mcZ + K 

n 2 (m n c 2 +m a c 2 + K) 

(m n c 2 + m a c 2 + K) 2 + (m n c 2 f-(m a c 2 f 

K n = ^- / \ n \ { a ’ - m n c 

2(m n c 2 + m a c 2 + K) 

For K = 17.6 MeV, 

m n c 2 =( 1.008 7 u)c 2 (931.494 MeV/c 2 -u) =939.60 MeV 
and m a c 2 =(4.002 6 u)c 2 (931.494 MeV/c 2 -u) =3 728.4 MeV 
we find that K n = 414.0 MeVj 
(a) The number of Pu nuclei in 1.00 kg is 

6.02X10" nuclei/mol ( ) _ 2 52 x 1( y, nudei 

239.05 g/mol v 6/ 

The total energy is 

(25.2xlO 23 nuclei)f 1 flsslon ¥ 200 MeV =5.04xl0 26 MeV 
' V nucleus A fission ) 
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P45.65 


E =(5.04 x 10 26 MeV) (4.44 xlO' 20 kWh/MeV) 

= | 2.24 xlO 7 kWh | 
or 22 million kWh. 

(b) E = Am c 2 = (3.016 049 u + 2.014102 u - 4.002 603 u -1.008 665 u) 

x (931.5 MeV/u) 


E = | 17.6 MeV for each D-T fusion | 

(c) E n =(total number of D nuclei) (17.6 MeV) (4.44 x 10 -20 kWh/MeV) 
(17.6 MeV) 

x(4.44xlO" 20 kWh/MeV) 


J 6.02 x 10 23 

¥ 100 °g \ 

^ mol 

2.014 g/mol J 

= 2.34 x10 s 

kWh 


/ \ f 4.20 eV^l 

(d) E n =(the number of C atoms in 1.00 kg) x - 

l k § ) 


(e) 



(a) We have 1.00 kg - (1.00 kg)(0.007 20) - (1.00 kg)(0.000 0500) = 
0.993 kg of 238 U / comprising 


N =(0.993 kg)| 


( 6.02xlO 23 nuclei |[ 1 mol j 
mol 0.238 kg J 

=2.51 xlO 24 nuclei 
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with activity 

R =IN -- 


In 2 


4.47 x 10 yr 


(2.51 xlO 24 nuclei) 


( 1 y M _ ) 

U.16X10 7 s A 3.70x10“ s _1 J 


= | 3.3x10 Ci| =330 pCi 


We have (1.00 kg)(0.007 20) = 0.007 2 kg of 235 U, comprising 

N =(0.007 2 kg)f 6-02X10 23 nuclei Y 1 mol ^ 

V 6 \ mol J ^0.235 kg J 

=1.84xlO 22 nuclei 
with activity 

R =kN =-—(l.84xlO 22 nuclei) 

7.04 x10 s yr v ' 

M If- % _ia_^ 

13.16xlO 7 sA3.70xlO 10 s' 1 J 
=1.6xlO' 5 Ci = | 16 jUCi| 


(b) 

(c) 


We have (1.00 kg)(0.000 0500) = 5.00 x 10 5 kg of 234 U, comprising 


N =(5.00xlO" 5 kg) 


Y.02xlO 23 nuclei^ 

r 1 mol ^ 

[ mol J 

[0.234 kg J 


=1.29xlO 20 nuclei 


with activity 

R =XN =-^—(l.29xlO 20 nuclei) 

2.44 x 10 s yr v ' 

J Y 1Q 1 

13-16xlO 7 sA3.70xlO 10 s“A 
^ lAlxlO" 4 Ci] =310 pCi 

The total activity is (330 + 16 + 310) jtiCi = 656 jLiCi, so the fractional 
contributions are, respectively, 330/656 = |50%[ , 16/656 = 2.4%, 
and 310/656= |4^%] ’ ' 


It is dangerous, notably if the material is inhaled as a 
powder. With precautions to minimize human contact, 
however, microcurie sources are routinely used in 
laboratories. 
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P45.66 (a) The number of molecules in 1.00 liter of water (mass = 1 000 g) is 

N =f LQQXl ° g ](6.02 x 10 23 molecules/mol) 

^18.0 g/mol y ' 1 

=3.34 x 10 25 molecules 

The number of deuterium nuclei contained in these molecules is 

N' =(3.34x10- moleculesjf 1 deUter ° n ) 

‘ {3 300 molecules J 

=1.01 xlO 22 deuterons 

Since 2 deuterons are consumed per fusion event, the number of 
events possible is =5.07 x 10 21 reactions, and the energy 
released is 

^fusion =(5.07xlO 21 reactions)(3.27 MeV/reaction) 

=1.66xlO 22 MeV 

^fusion =(l.66xlO 22 MeV)(1.60xlO" 13 J/MeV)=| 2.65xlO 9 J 

(b) In comparison to burning 1.00 liter of gasoline, the energy from 
the fusion of deuterium is 


_2.65xl0 9 J 
Egasolme 3.40x10' J 


= | 78.0 times larger] 


P45.67 (a) At 6 x 10 8 K, the average kinetic energy of a carbon atom is 

|/c B T=(l.5)(8.62xlO" 5 eV/K)(6xl0 8 k)= | 8x 10 4 eVj 


Note that 6 x 10 8 K is about 6 2 = 36 times larger than 1.5 x 10 7 K, 
the core temperature of the Sun. This factor corresponds to the 
higher potential-energy barrier to carbon fusion compared to 
hydrogen fusion. It could be misleading to compare it to the 
temperature ~ 10 8 K required for fusion in a low-density plasma 
in a fusion reactor. 


(b) The energy released is 

0 =[2(12.000 000 u)-19.992 440 u-4.002 603 u] 

x (931.5 MeV/u) 

= | 4.62 MeV 1 
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P45.68 


P45.69 


In the second reaction, 

0=[2 

0 =[2(12.000 000 u)-23.985 042 u](931.5 MeV/u) 
= [l3.9 MeV | 


(c) 


The energy released is the energy of reaction of the number of 
carbon nuclei in a 2.00-kg sample, which corresponds to 


AE =(2.00 x 10 3 g) — 


02xl0 23 atoms/mol' 
12.0 g/mol y 


^4.62 MeV/fusion event 

( 1 kWh ^ 

( 2 nuclei/fusion event J 

1 2.25 xlO 19 MeV J 


1.00 xlO 26 4.62 

AE = V — 7 - ——T—kWh -- 

2(2.25 xlO 19 ) 


1.03xlO 7 kWh 


From Table 44.2 of isotopic masses, the half-life of 32 P is 14.26 d. Thus, 
the decay constant is 

A =— = 1112 =0.048 6 d" 1 =5.63 x 10~ 7 s’ 1 

T 1/2 14.26 d 


and the initial number of nuclei is 


.. R n 5.22xl0 6 decay/s n nn _ 12 , . 

N„ =— =-=—=9.28xlO 12 nuclei 

0 A 5.63 x 10 s 

At t = 10.0 days, the number remaining is 

N =N 0 e~ xt =(9.28xlO 12 nuclei)exp[-(o.0486 d _1 )(l0.0 d)] 

=5.71 x 10 12 nuclei 


so the number of decays has been N 0 - N = 3.57 x 10 12 and the energy 
released is 

E =(3.57 x 10 12 )(700 keV)(l.60xl0 -16 J/keV) =0.400 J 


If this energy is absorbed by 100 g of tissue, the absorbed dose is 



(a) The thermal power transferred to the water is P w = 0.970 (waste 
heat): 

P w =0.970(3 065 MW-1000 MW)=2.00xl0 9 J/s 
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r w is the mass of water heated per hour: 

P w _(2.00xl0 9 J/s)(3600 s/h) 


r w = ~i -—— —^ = 4.92 x 10 8 kg/h 

w c(AT) (4186 J/kg • °C)(3.50 °C) 1 - 1 

Then, the volume used per hour is 


4.91x10 kg/h _r 4 92x1Q 5 m 3/ h | 
1.00 xlO 3 kg/m 3 1 --— 1 


(b) The 235 U fuel is consumed at a rate 


/ 3 065 x 10 6 

J/s^| 

f lkg 1 

f 3 600 s ^ 

\ 7.80 xlO 10 

J/gJ 

llOOOgJ 

l lh J 


=| 0.141 kg/h | 


We add two electrons to both sides of the given reaction. 

Then, 4 ]H atom-> ^He atom +2v, 

where Q =(Am)c 2 =[4(l.007 825 u)-4.002603 u](931.5 MeV/u) 
=26.7 MeV 

or Q =(26.7 MeV)(l.60 x 10“ 13 J/MeV) =4.28x 10' 12 J 

The proton fusion rate is then 


power output 


3.85xlO 26 J/s 


energy per proton (4.28x10 12 j)/(4 protons) 
=1 3.60xlO 38 protons/s I 


Challenge Problems 

P45.71 The initial specific activity of 59 Fe in the steel is 
In, \ 20.0 

(R/ml =- 

' ' 'o n 9n 


/100 pCi) 

r3.70xlO 4 Bq/ 

{ k g J 

l li^i J 


=3.70xlO 6 Bq/kg 

The decay constant of 59 Fe is A =-^—\ 1. 

3 45.1 d /24 hy 
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P45.72 


After 1 000 h, the activity is 

I e- At 


M-]' 

m ymj 0 

=(3.70X10‘ Bq/kglexpf^j^lljd 000 h)] 


=1.95 xlO 6 Bq/kg 
The activity of the oil is 


R oil =\ — Bq/uter ](6.50 liters) =86.7 Bq 
V.60.0 ) 


Therefore, 


=- 86 ‘ 7 6 Bq -=4.44 x 1CT 5 kg 

(R/m) 1.95xl0 6 Bq/kg 6 


4 45 x 10 ^ ks I- 1 

So that the wear rate is —-— = 4.44 x 10“ 8 kg/h 

1000 h I-^—I 


(a) The number of fissions occurring in the zeroth, first, second,..., 
nth generation is 

A/ 0 , N 0 K, N 0 K 2 . N 0 K n 

The total number of fissions that have occurred up to and 
including the nth generation is 

N =N 0 +N 0 K +N 0 K 2 + ■ ■ +N 0 K n =N 0 (l +K +K 2 -6 ■ ■ +K n ) 

Note that the factoring of the difference of two squares, a 2 - 1 = 

(a + 1) (a - 1), can be generalized to a difference of two quantities 
to any power, 

a’ -1 =(a^ +a+l)(a-l) 

a" +1 -1 =[cT +a n_1 +--+a 2 +a+l)(a-l) 

Thus, K n + K n ~ 1 + -+K 2 + K + l= r 


K-l 


and 


u K-l 

(b) The number of U-235 nuclei is 


f 1 atom ) 

f lu ) 

l 235 u J 

[1.66X1CT 27 kg J 


=1.41 xlO 25 nuclei 
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We solve the equation from part (a) for n, the number of 
generations: 

—(K-1) = /C n+1 -1 

N 0 

^K-1)+1 = K"(K) 

ki(N{K-l)/N 0 + l) In(l.41xl0 25 (0.1)/l0 2 ° + l) 
n ~ h\K ~~ lnLl 


Therefore time must be allotted for 100 generations: 
At b =100(l0 xl0“ 9 s) =1.00 x 10~ 6 s = | 1.00 ps~] 

(c) The speed of sound in uranium is 


-I- 


150 xlO 9 N/m 2 
18.7 xlO 3 kg/m 3 “ 


:2.83 x 10 3 m/s =| 2.83 km/s | 


(d) From the definitions of volume and mass density, V =—nr 3 =—, 

3 p 

and 


r-fMf, 

{47rpJ 


3(5.5 kg) 

4^:(l8.7xl0 3 kg/ m 3 ) 


I/ 3 


=4.13xlO' 2 m 


then, the time interval is given by 
t r 4.13xlO -2 m 


=1.46x10 5 s = 14.6 ps 


d v 2.83xlO 3 m/s 

(e) 14.6 ps is greater than 1 ps, so the entire bomb can fission. The 

destructive energy released is 


(l.41xl0 25 nuclei) 


200xlO 6 eV V 1.60xlO -19 J 


fissioning nucleus J' 


=4.51 xlO 14 J 


a 


leV J 
ton TNT ^ 


4.20 xlO 9 J J 
=1.08 xlO 5 ton TNT 
= | 108 kilo tons of TNT | 
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What if? If the bomb did not have an "initiator" to inject 10 20 
neutrons at the moment when the critical mass is assembled, the 
number of generations would be 

ln(l.41 x 10 25 (0.1)/1 +1) 

n=— --—--- -1 = 582.4 

lnl.l 

requiring 583(l0x 10' 9 s) =5.83 ps 

This time is not very short compared with 14.6 /is, so this bomb 
would likely release much less energy. 

P45.73 (a) E , = 10.0 eVis the energy required to liberate an electron from a 

dynode. Let n, be the number of electrons incident upon a 
dynode, each having gained energy e\V as it was accelerated to 
this dynode. The number of electrons that will be freed from this 
AV 

dynode is A/ ( —n t e ^ . 

At the first dynode, n, = 1 and 

(l)e(lOO V) | ! - -1 

A/ , =-= 10 electrons 

10.0 eV 1 - 1 

(b) For the second dynode, n i = N 1 = 10 1 , so 

n _ (iQ 1 ) e (iQ0 v) =1q2 

2 10.0 eV 

At the third dynode, n ( . = N 2 = 10 2 and 

(10^100 V) 

3 10.0 eV 

Observing the developing pattern, we see that the number of 
electrons incident on the nth dynode is D n =N n _ 1 =10 n_1 , so for 
the seventh and last dynode is n 7 =N 6 =| 10 6 . 

(c) The number of electrons incident on the last dynode is n 7 = 10 6 . 
The total energy these electrons deliver to that dynode is given by 

E =n,e( AV) =10 6 e(700 V-600 V) = | 10 8 eV | 
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lNSWERS to even-numbered problems 


P45.2 0.403 g 

P45.4 2.63 kg/d 

P45.6 (a) 173 MeV; (b) 0.078 8% 

P45.8 26 

P45.10 (a) 4 x 10 15 g; (b) 5 xlO 3 yr; (c) The uranium comes from rocks and 

minerals dissolved in water and carried into the ocean by rivers; 

(d) No. 

P45.12 (a) 16.2 kg; (b) 117 g 

P45.14 (a) 4.84 V “ 1/3 ; (b) 6V~ 1/3 ; (c) 6.30 V “ 1/3 ; (d) The sphere has minimum 

leakage and the parallelepiped has minimum leakage. 

P45.16 6.25 x 10 19 Bq 

P45.18 By balancing the equation for electric charge and number of nucleons, 
we find that n = 1. If one incoming neutron results in just one outgoing 
neutron, the possibility of a chain reaction is not there, so this nuclear 
reactor will not work. 

P45.20 (a) 4.56 x 10" 24 kg • m/s; (b) 0.145 nm; (c) This size has the same order 

of magnitude as an atom's outer electron cloud, and is vastly larger 
than a nucleus. 

P45.22 3.07 x 10 22 events 

P45.24 (a) E = 144Z 1 Z 2 where E is in keV; (b) The energy is proportional to 

each atomic number; (c) Take Zj = 1 and Z 2 = 59 or vice versa. This 
choice minimizes the product Z 1 Z 2 ; (d) 144 keV for both, according to 
this model 

2 

P45.26 (a) 3.24 fm; (b) 444 keV; (c) — V { ; (d) 740 keV; (e) possibly by tunneling 

P45.28 (a) 1.66 x 10 7 J; (b) 6.45 kg 

P45.30 (a) 13 N; (b) 13 C; (c) 14 N; (d) 13 O; (e) ' 7 5 N; (f) 12 C; (g) The original 

carbon-12 nucleus is returned so the overall reaction is 
4(jH) -> 4 He. 

P45.32 (a) 2.5 mrem/x-ray; (b) The technician's occupational exposure is high 

compared to background radiation; it is 38 times 0.13 rem/yr. 
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P45.34 

P45.36 

P45.38 

P45.40 

P45.42 

P45.44 

P45.46 


P45.48 

P45.50 

P45.52 

P45.54 

P45.56 

P45.58 

P45.60 


P45.62 

P45.64 


P45.66 


P P 


18.8 J 

It would take over 24 days to raise the temperature of the water to 
100°C and even longer to boil it, so this technique will not work for a 
20-minute coffee break! 


1.14 rad 


3.96 x 10” 4 J/kg 

(a) See P45.44(a) for full explanation; (b) ^ 

(a) 8.68 MeV; (b) The particles must have enough kinetic energy to 
overcome their mutual electrostatic repulsion so that they can get close 
enough to fuse. 

(a) 10 3 Pa; (b) 6 x 10 9 m 3 ; (c) 6 x 10 12 J; (d) ~10 14 J; (e) ~ 10 4 ton TNT 
(a) 27.6 min; (b) 30 min ± 27% 

(a) See P45.52(a) for full explanation; (b) 177 MeV; (c) K Br = 112.0 MeV, 
K La = 65.4 MeV; (d) \/ Br = 15.8 Mm/s, v La = 9.30 Mm/s 
232 yr 

482 Ci, less than the fission inventory by on the order of a hundred 
million times. 


_ mN a E _ 

Mu-slUl00-Tj+L, +c s (T ft - 100)] 

(a) 15.4 cm; (b) 51.7 MeV; (c) The number of decays per second is the 
decay rate R, and the energy released in each decay is Q . Then the 
energy released per unit time interval is P = Q R ; (d) 2.27 x 10 5 J/yr; 

(e) 3.18 J/yr 

(a) See P45.62(a) for full explanation; (b) 35.2; (c) 2.89 x 10 15 

(a) 2.24 x 10 7 kWh; (b) 17.6 MeV for each D-T fusion; (c) 2.34 x 10 8 kWh; 
(d) 9.36 kWh; (e) Coal is cheap at this moment in human history. We 
hope that safety and waste disposal problems can be solved so that 
nuclear energy can be affordable before scarcity drives up the price of 
fossil fuels. Burning coal in the open puts carbon dioxide into the 
atmosphere, worsening global warming. Plutonium is a very 
dangerous material to have sitting around. 

(a) 2.65 x 10 9 J; (b) 78.0 times larger 
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P45.68 400 rad 

P45.70 3.60 x 10 38 protons/s 

P45.72 (a) See P45.72(a) for full explanation; (b) 1.00 ps ; (c) 2.83 km/s; 

(d) 14.6 jUs; (e) 108 kilotons of TNT 
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Particle Physics and Cosmology 


CHAPTER OUTLINE 


46.1 The Fundamental Forces in Nature 

46.2 Positrons and Other Antiparticles 

46.3 Mesons and the Beginning of Particle Physics 

46.4 Classification of Particles 

46.5 Conservation Laws 

46.6 Strange Particles and Strangeness 

46.7 Finding Patterns in the Particles 

46.8 Quarks 

46.9 Multicolored Quarks 

46.10 The Standard Model 

46.11 The Cosmic Connection 

46.12 Problems and Perspectives 

|* An asterisk indicates a question or problem new to this edition.) 


lNSWERS to objective questions 


OQ46.1 Answers (a), (b), (c), and (d). Protons feel all these forces; but within 
a nucleus the strong interaction predominates, followed by the 
electromagnetic interaction, then the weak interaction. The 
gravitational interaction is very small. 

OQ46.2 Answer (e). Kinetic energy is transformed into internal energy: 

0 =-AK. In the first experiment, momentum conservation requires 
the final speed be zero: 

p 1 =mv-mv =2m\/ f —>. v f =0 


1193 
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The kinetic energy converted into internal energy is mv 2 : 

AK 1 = K f -K. l , =0-(lmv 2 + ^mv 2 } = -mv 2 -» Q^mv 2 

In the second experiment, momentum conservation requires the final 
speed be half the initial speed: 

p 2 =mv + m(0) = 2mv f —> ' if ~\ 

The kinetic energy converted into internal energy is : 



OQ46.3 Answer (b). There are (2s+1) = (21 +1) = 4 states: the Z component of 
its spin angular momentum can be 3/2,1/2, -1/2, or -3/2, in units of 
h. 

OQ46.4 Answer (b). According the Table 46.1, the photon mediates the 

electromagnetic force, the graviton the gravitational force, and the 
W + and Z bosons the weak force. 

OQ46.5 Answer (c). According to Table 46.2, the muon has much more rest 
energy (105.7 MeV/c 2 ) than the electron (0.511 MeV/c 2 ) and the 
neutrinos together (< 0.3 MeV/c 2 ). The missing rest energy goes into 
kinetic energy: m^c 2 =/C total +m e c 2 +m v c 2 +m v c 2 . 

OQ46.6 Answer (a). The vast gulfs not just between stars but between 

galaxies and especially between clusters, empty of ordinary matter, 
are important to bring down the average density of the Universe. We 
can estimate the average density defined for the Solar System as the 
mass of the Sun divided by the volume of a sphere of radius 
2 x 10 16 m: 

, 2xlQ3 ° k g =6xlO“ 20 kg/m 3 =6x 1CT 23 g/cm 3 
^7t(2x 10 16 m) 3 

This is ten million times larger than the critical density 3H 2 /8kG 
= 6 x 10” 30 g/cm 3 . 

OQ46.7 Answer (b). Momentum would not be conserved. The electron and 
positron together have very little momentum. A 1.02-MeV photon 
has a definite amount of momentum. Production of a single gamma 
ray could not satisfy the law of conservation of momentum, which 
must hold true in this—and every—interaction. 
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OQ46.8 The sequence is c, b, d, e, a, f, g. Refer to Figure 46.16 in the textbook. 

The temperature corresponding to b is on the order of 10 13 K. That for 
hydrogen fusion d is on the order of 10 7 K. A fully ionized plasma 
can be at 10 4 K. Neutral atoms can exist at on the order of 3 000 K, 
molecules at 1 000 K, and solids at on the order of 500 K. 


lNSWERS to conceptual questions 


CQ46.1 


CQ46.2 


CQ46.3 


CQ46.4 


CQ46.5 


CQ46.6 


The electro weak theory of Glashow, Salam, and Weinberg predicted 
the W + , W”, and Z particles. Their discovery in 1983 confirmed the 
electroweak theory. 

Hadrons are massive particles with internal structure. There are two 
classes of hadrons: mesons (bosons) and baryons (fermions). 

Hadrons are composed of quarks, so they interact via the strong 
force. Leptons are light particles with no structure. All leptons are 
fermions. It is believed that leptons are fundamental particles 
(otherwise, there would be leptonic bosons); leptons are not 
composed of quarks, so they do not interact via the strong force. 

Before that time, the Universe was too hot for the electrons to remain 
bound to any nucleus. The thermal motion of both nuclei and 
electrons was too rapid for the Coulomb force to dominate. The 
Universe was so filled high energy photons that any nucleus that 
managed to captured an electron would immediately lose it because 
of Compton scattering or the photoelectric effect. 

13 5 

Baryons are heavy hadrons; they are fermions with spin —, —, —,...; 

they are composed of three quarks. (Antibaryons are composed of 
three antiquarks.) Mesons are light hadrons; they are bosons with 
spin 0,1, 2,...; they are composed of a quark and an antiquark. 

The decay is slow, relatively speaking. The decays by the weak 
interaction typically take 10” 10 s or longer to occur. This is slow in 
particle physics. The decay does not conserve strangeness: the S° has 
strangeness of -2, the A 0 has strangeness -1, and the rr° has 
strangeness 0. (Refer to Table 46.2.) 

The word "color" has been adopted in analogy to the properties of the 
three primary colors (and their complements) in additive color 
mixing. Each flavor of quark can have colors, designated as red, 
green, and blue. Antiquarks are colored antired, antigreen, and 
antiblue. We call baryons and mesons colorless. A baryon consists of 
three quarks, each having a different color: the analogy is three 
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CQ46.7 


CQ46.8 


CQ46.9 


CQ46.10 


primary colors combine to form no color: colorless white. A meson 
consists of a quark of one color and antiquark with the 
corresponding anticolor: the analogy is a primary color and its 
complementary color combine to form no color: colorless white. 

No. Antibaryons have baryon number -1, mesons have baryon 
number 0, and baryons have baryon number +1. The reaction cannot 
occur because it would not conserve baryon number, unless so much 
energy is available that a baryon-antibaryon pair is produced. 

The Standard Model consists of quantum chromodynamics (to 
describe the strong interaction) and the electroweak theory (to 
describe the electromagnetic and weak interactions). The Standard 
Model is our most comprehensive description of nature. It fails to 
unify the two theories it includes, and fails to include the 
gravitational force. It pictures matter as made of six quarks and six 
leptons, interacting by exchanging gluons, photons, and W and Z 
bosons. In 2011 and 2012, experiments at CERN produced evidence 
for the Higgs boson, a cornerstone of the Standard Model. 

(a) Baryons consist of three quarks. 

(b) Antibaryons consist of three antiquarks. 

(c) and (d) Mesons and antimesons consist of a quark and an 
antiquark. 


Since quarks have spin quantum number — and can be spin-up or 

spin-down, it follows that the baryons and antibaryons must have a 
1 3 

half-integer spin (—, — ,...), while the mesons and antimesons must 
have integer spin (0,1, 2,...). 


We do know that the laws of conservation of momentum and energy 
are a consequence of Newton's laws of motion; however, 
conservation of baryon number, lepton number, and strangeness 
cannot be traced to Newton's laws. Even though we do not know 
what electric charge is, we do know it is conserved, so too we do not 
know what baryon number, lepton number, or strangeness are, but 
we do know they are conserved—or in the case of strangeness, 
sometimes conserved—from observations of how elementary 
particles interact and decay. You can think of these conservation laws 
as regularities which we happen to notice, as a person who does not 
know the rules of chess might observe that one player's two bishops 
are always on squares of opposite colors. (From the observation of 
the behavior of baryon number, lepton number, and strangeness in 
particle interactions, gauge theories, which are not discussed in the 
textbook, have been developed to describe that behavior.) 
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CQ46.11 The interactions and their field particles are listed in Table 46.1. 

Strong Force—Mediated by gluons. 

Electromagnetic Force—Mediated by photons. 

Weak Force—Mediated by W + , W”, and Z° bosons. 

Gravitational Force—Mediated by gravitons (not yet observed). 

CQ46.12 Hubble determined experimentally that all galaxies outside the Local 
Group are moving away from us, with speed directly proportional to 
the distance of the galaxy from us, by observing that their light 
spectra were red shifted in direct relation to their distance from the 
Local Group. 

CQ46.13 The baryon number of a proton or neutron is one. Since baryon 

number is conserved, the baryon number of the kaon must be zero. 
See Table 46.2. 


SOLUTIONS TO END-OF-CHAPTER PROBLEMS 


Section 46.1 The Fundamental Forces in Nature 
Section 46.2 Positrons and Other Antiparticles 

P46.1 (a) The rest energy of a total of 6.20 g of material is converted into 

energy of electromagnetic radiation: 


3 kg)(2.998xlO 8 

‘m/s) 2 

= 5.57 x 10 14 J 

f $011V _k_' 


If lh 1 

UwhAl ooo. 


1V 3 600 s J 


(b) 5.57 xlO 14 J =5.57 xlO 14 J 

\kWh Al 000y^J/s J^3 600 s ) 

= | $1.70xlO 7 | 

(a) The minimum energy is released, and hence the minimum 

frequency photons are produced, when the proton and antiproton 
are at rest when they annihilate. 

That is, E = E 0 and K = 0. To conserve momentum, each photon 
must have the same magnitude of momentum, and p = E/c, so 
each photon must carry away one-half the energy. 

Thus E. = 2E ± =E n =938.3 MeV =hf m . 


(938.3 MeV)(l.602x 10“ 13 J/MeV) 
” 6.626xl0“ 34 Js 


= 2.27xlO 23 Hz 
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P46.3 


P46.4 


P46.5 


(b) 

(a) 


A= C = 2.998xl0«m/s = | L3 2 xl0 -i 5i 
2.27 x 10 23 Hz I- 


Assuming that the proton and antiproton are left nearly at rest 
after they are produced, the energy E of the photon must be 

E =2E 0 =2(938.3 MeV) =1 876.6 Mevf L6Q2xlQ 13 J 
^ 1 MeV 

=3.01 x icr 10 j 

Thus, E =hf= 3.01 x 10' 10 J, so 
3.01 x 1Q~ 10 J 


(b) A = 


6.626 x 10~ 34 J • s 
_ 2.998 x10 s m/s 


= 4.53 x 10 23 Hz 


f 4.53 x 10 23 Hz 


= 6.61 xlO“ 16 m 


The half-life of 14 0 is 70.6 s, so the decay constant is A =—— =—-. 

y T 1/2 70.6 s 

The number of 14 0 nuclei remaining after five minutes is 

N =N 0 e u =(l0 10 )exp^-^|-(300 s)J =5.26x 10 s 

The number of these in one cubic centimeter of blood is 


N'=N 


1.00 cm 3 

total volume of blood 



=2.63 xlO 5 


1.00 cm 3 "j 

2 000 cm 3 J 


and their activity is 

R =XN' =-*^-(2.63xlO 5 ) =2.58xlO 3 Bq I ~10 3 Bq I 
70.6 s ' 1 4 1 - 


The total energy of each particle is the sum of its rest energy and its 
kinetic energy. Conservation of system energy requires that the total 
energy before this pair production event equal the total energy after. In 
y —> p + +p“, conservation of energy requires that 


or 


E y -> E + +E . 

r p p 

f,^(m p c 2 +r p ,)+(m p c 2 +»f p _) 
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The energy of the photon is given as 

E y =2.09 GeV =2.09 xlO 3 MeV 

From Table 46.2 or from the problem statement, we see that the rest 
energy of both the proton and the antiproton is 

E * P = E * P = m p C 2 =938.3 MeV 

If the kinetic energy of the proton is observed to be 95.0 MeV, the 
kinetic energy of the antiproton is 

K p - E Rp - E Rp -K p 

=2.09x10 3 MeV-2(938.3 MeV)-95.0 MeV = |118 MeV| 


Section 46.3 Mesons and the Beginning of Particle Physics 

P46.6 The creation of a virtual Z° boson is an energy fluctuation 

AE =m z0 C 2 =91 x 10 9 eV. By the uncertainty principle, it can last no 
% 

longer than At =-and move no farther than 

6 2A E 


c(At) = 


he 

4 n AE 

(6.626xlO' 34 J-s)(3.00xl0 8 m/s] 
4/r(91xl0 9 eV) 


[—4 

l, 1.60 > 


eV 


x 10 9 J 


=1.06 x 10~ 18 m = ~ 10“ 18 m 


P46.7 (a) The particle's rest energy is me 2 . The time interval during which a 

virtual particle of this mass could exist is at most At in 
fi h 

AEAt =— =mc 2 At; or At =-so, the distance it could move 

2 2 me 

(traveling at the speed of light) is at most 

he (6.626x 10~ 34 J-s)(2.998xl0 8 m/s) 

d « cAt =- T =-------*-- 

2me 2 4rime 2 (l.602 x 10’ 19 J/eV) 

_ 1.240x 10" 6 eV-mMmn ) _ 1 240eV nm 
4k me 2 \ 10“ 9 m ) 4Kmc 2 

_98 .7 eV-nm 
ATT? 
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or d ~ —V/ where d is in nanometers and me 2 is in electron volts. 
me 2 

According to Yukawa's line of reasoning, this distance is the 
range of a force that could be associated with the exchange of 
virtual particles of this mass. 


The ran; 

?e is inversely proportional to the mass of the field 

particle. 



(c) The value of me 2 for the proton in electron volts is 938.3 x 10 6 . The 
range of the force is then 


98.7 _ 98.7 

me 2 938.3 x 10 6 


=(l.05 x 1CT 7 



=1.05 x 10 16 m |~ 10 16 ^m] 


Section 46.4 
Section 46.5 


Classification of Particles 
Conservation Laws 


*P46.8 | Baryon number conservation allows the first and forbids the second | . 

P46.9 The energy and momentum of a photon are related by p r =E y /c. By 
momentum conservation, because the neutral pion is at rest, the 
magnitudes of the momenta of the two photons are equal; thus, their 
energies are equal. 

(a) From Table 46.2, =135 MeV/c 2 . Therefore, 

_ m „c 2 135.0 MeV 


67.5 MeV for each photon 


(b) p=-L= 67.5 MeV/c 


(c) 


f= E L 67.5 M< 
h 6.626x10“ 


V_r 1.602 xlQ- 13 

4 J-s[ MeV J" 


1.63 xlO 22 Hz 


The time interval for a particle traveling with the speed of light to 
travel a distance of 3 x 10” 15 m is 


At=— =- 


3 x 10 m 


v 3.00xlO 8 m/s 
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P46.ll (a) p + p —> jU + + e - L„: 0 +0 ->• -1 +0 and L e : 0 +0 -»0 +1 
[muon lepton number and electron lepton number) 

(b) 7T~ +p —> p +k + | charge | : — 1 +1 —> -H +1 

(c) p+p—>p+p+n | baryonnumber | : 1 +1 —> 1 +1 +1 

(d) 7+p^n+7T 0 | charge | : 0 +1 -> 0 +0 

(f) v e +p -> n +e + Z_ e : 1 +0 —> 0 — 1 

| electron lepton number^ 

P46.12 (a) Baryon number and charge are conserved, with respective values 

of 

baryon: 0 + 1 = 0 + 1 

charge: l + l = l + lin both reactions (1) and (2). 

(b) The strangeness values for the reactions are 

(1) S: 0 + 0 = 1 - 1 

(2) S: 0 + 0 = 0 - 1 

|~Strangeness is not conserved in the second reaction. | 

P46.13 Check that electron, muon, and tau lepton number are conserved. 


(a) 

+|yn 

L u : 

0->l-l 

(b) 

k^m + +QT| 


0->-1 +1 

(c) 

E + p + ^ n+e+ 

L, 

-l+0->0-l 

(d) 

v e +n -> p + +e“ 

Le- 

1 +0 -> 0 +1 

(e) 

rill# -> p + +at 

L u- 

1 +0 -> 0 +1 

(f) 


L^ 

1 —> 0 +0 +1 and L ( 


P46.14 The relevant conservation laws are AL e = 0, AL IJ =0, and A L r =0. 

(a) k + —> k° +e + +? L e : 0 —> 0 -1 +L e implies L e = 1, so the particle 
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P46.15 


P46.16 


(b) 

? +p -> )U +p +7T + 

L ^ L u +0 —> +1 +0 +0 implies L ft =1, 


so the particle is |. 


(c) 

A 0 -» p +/J +? L^: 

0 —> 0 +1 +L fi implies L fJ =-l, so the 


particle is |. 


(d) 

T + —> jJ + +? +? L^. 

0 —> +L fJ implies L [J =1, so one particle 




Also, L t : — 1 — > 0 +L r implies L x =-l, so the other particle is 

(a) p + —>7T + +;r 0 checkbaryon number: 1^0+0 

[ticannot occur because it violates baryon number conservation.) 

(b) p + +p + —> p + +p + + tt° [it can occur!] 

(c) p + +p + —> p + +k + check baryon number: 1 +1 ^ 1 +0 
[ticannot occur because it violates baryon number conservation.] 

(d) tt + —> jU + +v /J [it can occur] 

(e) n° —> p + +e~ +v e [it can occur] 

(f) n + —> jl + +n check baryon number: 0^0+1 

check muon lepton number: 0 —> -1 +0 
check masses: + m n 

It cannot occur because it violates baryon number conservation, 
muon lepton number conservation, and energy conservation. 

The reaction is /J + +e~ -> v +v. 

muon-lepton number before reaction: (-1) + (0) = -1 

electron-lepton number before reaction: (0) + (1) = 1 

Therefore, after the reaction, the muon-lepton number must be -1. 
Thus, one of the neutrinos must be the antineutrino associated with 
muons, and one of the neutrinos must be the neutrino associated with 
electrons: | v fJ | and | v e | 

Thus, ju + +e“ —> v jJ +v e . 
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P46.17 


P46.18 


Momentum conservation for the decay requires the pions to have 
equal speeds. 

497.7 MeV 

The total energy of each is-=248.8 MeV, so 


E 2 = p 2 c 2 + (me 2 ) gives 



(248.8 MeV) 2 = (pcf + 

(139.6 MeV) 2 

Solving, 

pc =206 MeV =ymvc 

me 2 


Ji-M 2 

V C J' 


pc _ 206 MeV 

1 tvl 

=1.48 


me 2 139.6 MeV ^ 

L -(v/efye) 


V 1 ( v'f 

-=1.48, 1- - 
c V v<V 



and 


=2.18 —2.18| 

;-3' 


3.18 =2.18 




so ^ = \3~18 =0 ‘ 828 and I v =0.828cj . 

(a) In the suggested reaction p ^ e + +y. 

From Table 46.2, we would have for baryon numbers +1 —> 0 +0; 
thus A B # 0, so baryon number conservation would be violated. 

(b) From conservation of momentum for the decay: p e =p r 
Then, for the positron, 

£, 2 =M 2 +K 2 f 

becomes 


E 2 e = (p r cf +(m e c 2 f = E 2 +(m e c 2 f 
From conservation of energy for the system: m p C 2 =E e +E y 
or E e =m p c 2 -E r , 


© 2016 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 



1204 Particle Physics and Cosmology 


P46.19 


so E 2 = (m p c 2 ) 2 -2(m p c 2 )E y +E 2 . 

Equating this to the result from above gives 

+ Kc 2 ) 2 = Kc 2 ) 2 - 2 (m e c 2 )E r + ^ 
_ [me 2 ) 2 -(m.c 2 ) 2 


2m p c 2 

_ (938.3 MeV) 2 - (0.511 MeV) 2 


2(938.3 MeV) 


=469 MeV 


Also, E e =m p c 2 - E r =938.3 MeV - 469 MeV =469 MeV, 
Thus, I E=E V =469 MeV I. 


*, 469 MeV i- , A i 

Also, p r =— fp-, so | p e =p y =469 MeV/c| . 

(c) The total energy of the positron is E e = 469 MeV, 
mr 2 


but E e =ym e c 2 =- 


fw' 

I f vV _m£ 2 0.511 MeV 

V UJ E e 


469 MeV 


=1.09 x!0“ 3 . 


which yields | v =0.000 999 4c| . 

(a) To conserve charge, the decay reaction is A 0 —> p +k . 

We look up in the table the rest energy of each particle: 

m A c 2 = 1115.6 MeV m/ = 938.3 MeV 
me 2 = 139.6 MeV 

The Q value of the reaction, representing the energy output, is the 
difference between starting rest energy and final rest energy, and 
is the kinetic energy of the products: 

Q =1 115.6 MeV-938.3 MeV-139.6 MeV = |37.7 MeV| 

(b) The original kinetic energy is zero in the process considered here, 
so the whole Q becomes the kinetic energy of the products 

K p +K n = | 37.7 MeV | 
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(c) The lambda particle is at rest. Its momentum is zero. System 
momentum is conserved in the decay, so the total vector 
momentum of the proton and the pion must be |zero.| 

(d) The proton and the pion move in precisely opposite directions 
with precisely equal momentum magnitudes. Because their 
masses are different, their kinetic energies are not the same. 

The mass of the n -meson is much less than that of the proton, so it 
carries much more kinetic energy. We can find the energy of each. 
Let p represent the magnitude of the momentum of each. Then the 
total energy of each particle is given by E 2 = (pc) 2 + (me 2 ) 2 and its 
kinetic energy is K = E - me 2 . For the total kinetic energy of the two 
particles we have 

y/rripC 4 +p 2 c 2 - m p c 2 + y /mlc 4 +p 2 c 2 - m n c 2 

=0 =m A c 2 -m p c 2 -m 7[ c 2 


Proceeding to solve for pc, we find 

m 2 c 4 +p 2 c 2 =m 2 c 4 - 2m A c 2 ^/m 2 c 4 +p 2 c 2 +m 2 c 4 +p 2 c 2 
m 2 c 4 -m 2 c 4 +m 2 c 4 


^m 2 c 4 +p 2 c 


2 m A c 2 

1 115.6 2 - 938.3 2 +139.6 2 


2(1 115.6) 


MeV =171.9 MeV 


pc =Vl71.9 2 -139.6 2 MeV =100.4 MeV 


Then the kinetic energies are 

K p =V938.3 2 +100.4 2 -938.3 =5.35 MeV 
and K n =Vl39.6 2 +100.4 2 -139.6 =32.3 MeV 


No. The mass of the n meson is much less than that of the 
proton, so it carries much more kinetic energy. The correct 
analysis using relativistic energy conservation shows that the 
kinetic energy of the proton is 5.35 MeV, while that of the n 
meson is 32.3 Mev. 
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Section 46.6 Strange Particles and Strangeness 

P46.20 The p° —> n + +n~ decay must occur via the strong interaction. 

The Kg —> n + +k decay must occur via the weak interaction. 

P46.21 (a) n +p -» 2ij 

Baryon number: 0 +1 —> 0 

fit is not allowed because baryon number is not conserved.) 

(b) K" +n -> A 0 +n~ 

Baryon number: 0 +1 —> 1 +0 
Charge: -l+0->0-l 
Strangeness: -1 +0 -» -1 +0 
Lepton number: 0^0 

The interaction may occur via the | strong interaction"! since all 
are conserved. 

(c) K~ -> K~ +7T° 

Strangeness: -1^0+0 
Baryon number: 0^0 
Lepton number: 0^0 
Charge: -1 -> -1 +0 

Strangeness conservation is violated by one unit, but everything 
else is conserved. Thus, the reaction can occur via the 
| weak interaction"! , but not the strong or electromagnetic 
interaction. 

(d) Q- -> a" +n 0 

Baryon number: 1 —> 1 +0 
Lepton number: 0^0 
Charge: -1 -> -1 +0 
Strangeness: -3 -> -2 +0 

Strangeness conservation is violated by one unit, but everything 
else is conserved. The reaction may occur by the 
| weak interaction | , but not by the strong or electromagnetic 
interaction. 
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P46.22 


P46.23 


(e) 7? -> 2y 

Baryon number: 0 —> 0 
Lepton number: 0—>0 
Charge: 0->0 
Strangeness: 0—>0 

No conservation laws are violated, but photons are the mediators 
of the electromagnetic interaction. Also, the lifetime of the 77 is 
consistent with the | electromagnetic interaction"] . 


(a) 


(b) 

(c) 

(d) 

(e) 
(a) 


)U -> e +y L e : 0 -> 1 +0 
I- u : 1^0 

Electron and muon lepton numbers) 
n -> p +e“ +v e L e : 0 -> 0 +1 +1 
Electron lepton number] 

A 0 —> p +n° Strangeness: -1^0+0 

Charge: 0 -> +1 +0 
Charge and strangeness] 
p —> e + +n° Baryon number: +1^0+0 
[baryon number] 

S° —^ n +n° Strangeness: -2 —> 0 +0 


Strangeness] 

K + +p -> ? +p 

The strong interaction conserves everything. 

Baryon number: 0 +1 —> B +1 so B = 0 
Charge: -+1 +1 —> Q +1 so Q = +1 

Lepton numbers: 0 +0 —> L +0 so L e =L #J =L t =0 
Strangeness: +1 +0 —> S +0 so S = 1 

The conclusion is that the particle must be positively charged, a 
non-baryon, with strangeness of +1. Of particles in Table 46.2, it 
can only be the | K + | . Thus, this is an elastic scattering process. 


The weak interaction conserves all but strangeness, and AS = ±L. 
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(b) Q —> ? +n 

Baryon number: +1 —> B +0 so B = 1 

Charge: -1 -»Q -1 so Q = 0 

Lepton numbers: 0 —> L +0 so L e =L jU =L r =0 

Strangeness: -3 -> S +0 so AS = 1: S = -2 

(There is no particle with S = -4.) 

The particle must be a neutral baryon with strangeness of -2. 
Thus, it is the | 5° | . 

(c) K + —> ? +/i + +v jU 

Baryon number: 0 -> B +0 +0 so B = 0 
Charge: +1 —»Q +1 +0 so 0=0 

Lepton numbers: L e : 0 —> Z_ e +0 +0 so L e = 0 
L u : 0 ^ Ly — 1+1 so L /i =0 

L r : 0 -> L t +0 +0 so L t =0 

Strangeness: 1 -> S +0 +0 so AS =±L: 5 = 0 

(There is no meson with S = 2.) 

The particle must be a neutral meson with strangeness 
=0 => | 7T° | ■ 

P46.24 (a) E“ —> A 0 +/J~ +v„ 

Baryon number: +1 —> +1 +0 +0 Charge: -1 —> 0 -1 +0 
L e : 0 ^ 0 + 0+0 L,: 0 ^ 0 + 1+1 
L t : 0 —> 0 +0 +0 Strangeness: -2 —> -1 +0 +0 
Conserved quantities are | B, charge, L e , and L T | . 

(b) Kg -> 2 n° 

Baryon number: 0^0 Charge: 0—>0 

L e : 0^0 L u . 0^0 

L t : 0 —> 0 Strangeness: +1 —> 0 

Conserved quantities are I B, charge, L e , L /J , and L x I. 
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P46.25 
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(c) K +p -» Z° +n 

Baryon number: 0 +1 -> 1 +1 Charge: -1 +1 -> 0 +0 
L e : 0+0 -^0+0 L u : 0+0 ^0+0 
L x : 0 +0 —> 0 +0 Strangeness: -1 +0 -+ -1 +0 
Conserved quantities are | 5, charge, L e , L fJ , and L z | . 

(d) Z° +A° +7 

Baryon number: +1^1+0 Charge: 0 —> 0 
L e : 0^0+0 L^: 0^0+0 
L t : 0->0+0 Strangeness: -1 ->-1 +0 
Conserved quantities are | B, S, charge, L e , L fJ , and L 

(e) e + +e“ -+ p + +/J 

Baryon number: 0 +0 —> 0 +0 Charge: +L — 1 —> +1 — 1 

L e : -1+1 -^0+0 L„: 0+0^+1-1 
l — T : 0 +0 —> 0 +0 Strangeness: 0 +0 —> 0 +0 
Conserved quantities are | B, 5, charge, L e , L fJ , and L 

(f) p +n —> A 0 +E“ 

Baryon number: -1 +1 —> -1 +1 Charge: -1 +0 —> 0 -1 
L e : 0+0 ^ 0+0 L^. 0+0 ^ 0+0 
l — T : 0 +0 —> 0 +0 Strangeness: 0 +0 —> +1 -1 
Conserved quantities are | B, 5, charge, L e , L jJt , and L 

(a) A 0 -> p +k Strangeness: -1 -> 0 +0, so AS = +1 

Strangeness is not conserved^ 

(b) n~ +p —> A 0 +K° Strangeness: 0 +0 —> -1 +1, so AS = 0 

Strangeness is conserved.) 

(c) p +p —> A 0 +A° Strangeness: 0 +0 —> +1 -1, so AS = 0 

Strangeness is conserved] 1 
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(d) k +p —» n +X + Strangeness: 0 +0 —> 0 -1, so AS = -1 

Strangeness isfoot conserved.) 

(e) E~ A 0 +k~ Strangeness: -2 -> -1 +0, so AS = +1 

Strangeness is not conserved^ 

(f) 5° —^ p +k Strangeness: -2 —> 0 +0, so AS = +2 

Strangeness is'riot conserved.) 

P46.26 As a particle travels in a circle, it experiences a centripetal force, and 
the centripetal force can be related to the momentum of the particle. 

'ZF=ma: qvB sin90° = ^- -> mv = p = qBr 

(a) Using p = qBr gives momentum in units of kg • m/s. To convert 
kg • m/s into units of MeV/c, we multiply and divide by C: 



=1.871 xlO 21 MeV/c 
Pr =6Br r 

= (1.602 x 10'” C)(1.15 T)(1.99 m) 1,871X10 MeV ^ C 
v ’ kg • m/s 

= | 686 MeV/c] 

P k+ = eBr + 

= (1.602X10-’ C)(1.15 T)(0.580 m)f 1,871 Xl ° 2 ‘ MeV/C ^ 
y kg-m/s ) 

= | 200 MeV/cj 

(b) The total momentum equals the momentum of the Z + particle. The 
momentum of the pion makes an angle of 64.5° with respect to 
the original momentum of the Z + particle. If we take the direction 
of the momentum of the 2 / particle as an axis of reference, and let 
(f> be the angle made by the neutron's path with the path of the Z + 
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P46.27 


at the moment of its decay, by conservation of momentum, we 
have these components of momentum: 

parallel to the original momentum: 
p z = p„cos</>+P ff+ cos 64.5° 

thus, 

p n cos</> =p z+ - p K+ cos64.5° 

P n cos (j) =686 MeV/c- (200 MeV/c)cos64.5° [ 1 ] 

perpendicular to the original momentum: 

0 =p n sin0-(200 MeV/c)sin64.5° 

p n sin</> =(200 MeV/c)sin64.5° [2] 

From [1] and [2]: 

P n = \j{Pn c os </>) 2 +(p n sin ^») 2 = | 626 MeV/c | 

(c) E n+ = yj(p n+ c) 2 + (m 7t+ C 2 ) 2 = yj (200 MeV ) 2 + (139.6 MeV ) 2 

= [~244 MeV | 

E n = ^/(p n c ) 2 + (m n c 2 ) 2 = 7(626 MeV ) 2 + (939.6 MeV ) 2 
= 1129 MeV = | 1.13 GeV | 

(d) E z+ =E k+ +E n =244 MeV +1129 MeV =1373 MeV = | 1.37 GeV | 


(e) m z+ c 2 = ^E 2 + — (p z+ c ) 2 = ^(l 373 MeV ) 2 -(686 MeV ) 2 = 1189 MeV 


m z+ =1189 MeV/c 2 =| 1.19 GeV/c r 


(f) 


From Table 46.2, the mass of the X + particle is 1189.4 MeV/c 2 . The 
percentage difference is 


Am _1.19 x 10 3 MeV/c 2 -1189.4 MeV/c 2 
~m 1189.4 MeV/c 2 


x 100% =0.0504% 


[The result in part (e) is within 0.05% of the value in Table 46.2.| 


The time-dilated lifetime is 


T=yT 0 


0.900 xlO~ 10 

: 


0.900 xlO ~ 10 s 
Vl-(0.960) 2 


=3.214 xlO " 10 


s 
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During this time interval, we see the kaon travel at 0.960c. It travels for 
a distance of 

distance =vT =0.960(2.998 x 10 8 m/s)(3.214x 10' 10 s) 

=9.25 x 10~ 2 m = [9725 cm| 


Section 46.7 Finding Patterns in the Particles 

Section 46.8 Quarks 

Section 46.9 Multicolored Quarks 

Section 46.10 The Standard Model 

P46.28 (a) 



K° 

d 

s 

total 

strangeness 

1 

0 

1 

1 

baryon number 

0 

1/3 

-1/3 

0 

charge 

0 

-e/3 

e/3 

0 


(b) 



A 0 

u 

d 

s 

total 

strangeness 

-1 

0 

0 

-1 

-1 

baryon number 

1 

1/3 

1/3 

1/3 

1 

charge 

0 

2e/3 

-e/3 

-e/3 

0 


P46.29 In the first reaction, 

n +p —> K° +A° 
the quarks in the particles are 
ud +uud —> sd +uds 
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There is a net of 1 up quark both before and after the reaction, a net of 
2 down quarks both before and after, and a net of zero strange quarks 
both before and after. Thus, the reaction conserves the net number of 
each type of quark. 

In the second reaction, 

7 T +p -» K° +n 
the quarks in the particles are 
ud +uud —> sd +udd 

In this case, there is a net of 1 up and 2 down quarks before the 
reaction but a net of 1 up, 3 down, and 1 anti-strange quark after the 
reaction. Thus, the reaction does not conserve the net number of each 
type of quark. 

P46.30 Compare the given quark states to the entries in Tables 46.4 and 46.5: 

(a) uus = | X + | 

(b) ud =| k 

(c) sd=[Kq 

(d) dss=[iq 


P46.31 (a) 



proton 

U 

U 

d 

total 

strangeness 

0 

0 

0 

0 

0 

baryon number 

1 

1/3 

1/3 

1/3 

1 

charge 

e 

2e/3 

2e/3 

-e/3 

e 

(b) 


neutron 

u 

d 

d 

total 

strangeness 

0 

0 

0 

0 

0 

baryon number 

1 

1/3 

1/3 

1/3 

1 

charge 

0 

2e/3 

-e/3 

-e/3 

0 
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P46.32 


P46.33 


(a) k + +p —> K + +E + : du +uud —> su +uus 
up quarks: 1 +2 -» 1 + 2 , or 3 -> 3 

down quarks: -1 +1 —> 0 + 0 , or 0 —> 0 

strange quarks: 0 +0 —> -1 + 1 , or 0 —> 0 

[The reaction has a net of 3 u, 0 d, and 0 s before and after.) 

(b) K~ +p —> K + +K° +£2 : us +uud —> su +sd +sss 

up quarks: -1 +2 -> 1 +0 + 0 , or 1 -> 1 

down quarks: 0 +1 —> 0 +1 + 0 , or 1 —> 1 

strange quarks: 1 +0 -> -1 -1 +3, or 1 -> 1 

[The reaction has a net of 1 u, 1 d, and 1 s before and after.) 

(c) p +p —> K° +p +n + +?: uud +uud —> sd +uud +du +? 

The quark combination ? must be such as to balance the last 
equation for up, down, and strange quarks, 
up quarks: 2 +2 =0 +2 +1 +? (? has 1 u quark) 

down quarks: 1 +1 =1 +1 -1 +? (? has 1 d quark) 

strange quarks: 0 +0 =-l +0 +0 +? (? has 1 s quark) 

[The reaction must net of 4 u, 2 d, and 0 s before and after.) 


(d) 

quark composition =uds = A 0 or Z° | 

(a) 

uud: 

charge =(-|e) +^-|ej +(je) =[g| 

(b) 

udd: 

charge =^-|ej +^ej +^ej =[o] 

(c) 

antiproton 

~|; antineutron 


*P46.34 The number of protons in one liter (1 000 g) of water is 


N p =(l 000 g) 

^ 6.02 x 10 23 molecules ^ 

(10 protons ) 

l 18-0 g J 

molecule J 

=3.34 x 10 26 protons 


and there are 



N n =(l 000 g) 

f 6 . 02 x 10 23 molecules^ 

( 8 neutrons ^ 

l 18.0 g J 

l molecule J 

= 2.68 x 10 26 neutrons 
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So there are, for electric neutrality, | 3.34 xlO 26 electrons | . 

The protonquark content is p = uud, and the neutron quark 
content is n = udd, so the number of up quarks is 

2(3.34x 10 26 ) + 2.68 x 10 26 = | 9.36 x 10 26 up quarks | 

and the number of down quarks is 

2(2.68x 10 26 ) + 3.34x 10 26 = | 8.70xlO 26 down quarks | 

P46.35 Z° +p -> X + +y +X 

uds +uud —> uus +0 +? 

The left side has a net 3 u, 2 d, and 1 s. The right-hand side has 2 u and 
1 s, leaving 2 d and 1 u missing. 

| The unknown particle is a neutron, udd. | 

Baryon and strangeness numbers are conserved. 

P46.36 Quark composition of proton = uud and of neutron = udd. 

Thus, if we neglect binding energies, we may write 

m p =2 m u +m d [ 1 ] 

and m n =m u +2m d . [2] 

Subtract [2] from 2 x [1]: 

2m p = 4m u + 2m d 
-m n =-(m u + 2m d ) 

2m p -m n =3m u 

We find 

m u =^(2m p -m n ) =^[2(938 MeV/c 2 )-939.6 meV/c 2 ] 

= | 312 MeV/c 2 ~~| 

and from either [1] or [2], m d = | 314 MeV/c 2 | . 


© 2016 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 



1216 Particle Physics and Cosmology 


Section 46.10 The Cosmic Connection 

P46.37 From Equation 39.10, 


r = f 


l+vjc 
1 -vjc 


where the velocity of approach, v, is the negative of the velocity of 
mutual recession: V, = -V. 


Thus, — =— i 


and 


yi +v/c 

p-v/c 


P46.38 (a) We let r in Hubble's law represent any distance. 


v=Hr=\ 22 x 10~ 3 - 


3 —1(1.85 m)f— 

s ■ ly J' \c-i 


■{ c 1 

{ lyr 1 

\ 3.00 x10 s m/s ) 

^3.156x 10 7 s J 


= | 4.30 x 10~ 18 m/s | 

This is unobservably small. 

(b) v=Hr =| 22xl0~ 3 — (3.84 x10 s m)[-^_ I 

l s -iyJ V-iyrJ 

f-^— ){ lyr 7 ) 

^ 3.00 x10 s m/s 3.156x10 s ) 
=8.92 x lr 10 m/s = | 0.892 nm/7| 

Again too small to measure. 

P46.39 (a) From Wien's law, 

A max T =2.898 x 10' 3 m • K 
Thus, 

„ 2.898 x 10“ 3 m ■ K 2.898 x 10“ 3 m ■ K 


2.73 K 


=1.06 xl0“ 3 m 


= 1.06 mm 


(b) This is a microwave. 


© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 




Chapter 46 1217 


P46.40 (a) The volume of the sphere bounded by the Earth's orbit is 

V =-nr 3 =—7r(l.496x 10 11 mf =1.40 xlO 34 m 3 
3 3' ' 

m=pV =(6 x 10 “ 28 kg/m 3 )(l.40x 10 34 m 3 ) =[8.41 x 10 6 kg 


P46.41 


P46.42 


(b) By Gauss's law, the dark matter would create a gravitational field 
acting on the Earth to accelerate it toward the Sun. It would 
shorten the duration of the year in the same way that 8.41 x 10 6 kg 
of extra material in the Sun would. This has the fractional effect of 

8.41 x 10 kg 23 x io ~ 24 of the mass of the Sun. 

1.99xlO 30 kg 

[No. It is only the fraction 4.23 x 10~ 24 of the mass of the Sun.| 

(a) The energy is enough to produce a proton-antiproton pair: 

/c b T =2 m p c 2 , so 

T 2 m p c2 _ 2(938.3 MeV) ( 1.60x IQ - 13 j \ u - . 
k, (l.38x 1CT 23 J/K)[ 1 MeV f ---1 

(b) The energy is enough to produce an electron-positron pair: 
k B T =2 m e c 2 , so 

2(0.511 MeV) ( 1.60xHr 13 j \ . 

k, (l.38x 1CT 23 J/K)[ 1 MeV f --1 

(a) The Hubble constant is defined in v = HR. The gap R between any 
two far-separated objects opens at constant speed according to 
R =vAt. Then the time interval At since the Big Bang is found from 

V =H vAt—> At 


1 

(l yr) (3xl0 8 m/s) 

22 xl 0“ 3 m/s-ly 
=13.6 billion years 

l!y 


^P46.43 The radiation wavelength of A' =500 nm that is observed by observers 
on Earth is not the true wavelength, X, emitted by the star because of 
the Doppler effect. The true wavelength is related to the observed 
wavelength using: 

jC = c l l-(v/c) 

A' A\1 + (v/c) 
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Solving for the true wavelength then gives 


A = A' 


l l -(vjc) 

1+(v/c) 


= (500 ran) 


fl-(0.280) 
1 +(0.280) 


= 375 nm 


The temperature of the star is given by Wien's law, 
A max T =2.898 x 10~ 3 m ■ K 


T _ 2.898x 10~ 3 m-K _ 


P46.44 We assume that the fireball of the Big Bang is a black body. Then, 

/ =qjT 4 =(1)(5.67x 10 -8 W/m 2 K 4 )(2.73 K) 4 
= [~3.15xl0~ 6 W/in 7 ] 

P46.45 (a) We use primed symbols to represent observed Doppler-shifted 

values and unprimed symbols to represent values as they 
would be measured by an observer stationary relative to the 
source. Doppler-shift equations from Chapter 17 do not apply to 
electromagnetic waves, because the speed of source or observer 
relative to some medium cannot be defined for these waves. 
Instead, we use Equation 39.10, expressing it as 

ft = c_ = 1 1 +v/c _ l l+v/c f c\ 

A' \l-v/c yi-v/cyx) 
where v is the velocity of mutual approach. Then we have 

A # _ / 1-y/c 

A \1 +v/c 

Squaring both sides, and solving. 


f A'1 ^1 kfa 
v A J 1 +v/c 
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Solving for v/c then gives 


v 

C 


{K/Xf-l 

(r/A) 2 +r 

1.381-1 _ ( 
1.381 + 1 _ 


(510 nm / 434 nm) 2 -1 
(510 nm / 434 nm) 2 +1 


(1.18) 2 -1 
(1.18) 2 +1 


The negative sign indicates that the quasar is moving away from 
us, or us from it. The speed of recession that the problem asks for 
is then 


V =|0.160c| (or 16.0% of the speed of light) 


(b) 


Hubble's law asserts that the universe is expanding at a constant 
rate so that the speeds of galaxies are proportional to their 
distance R from Earth, as described by v = HR. 


So, 


R 


v _0.160(3.00x10 s m/s) 
77 2.2 xlO" 2 m/s-ly 


=|2.18xl0 9 ty\. 


P46.46 


(a) 


Applying the result from Problem 37, A' =\ 


definition Z 


.K-K 

K 


we have 


1 +v/c 
1 -v/c' 


to the 


Z = 


K~K 

K 


<Z+1)2 " = 2 -Sp| 
t 7| =(z+1)2 

i A= ( z + y-(0z +1 f 

^j(Z 2 + 2Z+2) = Z 2 + 2Z 


Z 2 +2Z 
Z 2 + 2Z + 2 


(b) 



' Z 2 +2Z ) 

H{ 

Z 2 +2Z +2 J 
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P46.47 


P46.48 


First, we calculate v = HR, using H =22 x 10 3 m/s • ly, and then we 
use the result of Problem 37, A,' =A / +v i c anc j c = 2.998 x 10 8 m/s, to 

p-v/c 

calculate the wavelength emitted by the galaxy. 

(a) V =(22x 10” 3 m/s-ly)(2.00xlO 6 ly) =4.4x 10 4 m/s, 


1+ v/c 0 |l + (4.4 x 10 4 m/s)/(2.998 x 10 8 m/s) 
\ll-v/c~ ]j 1 - (4.4x 10 4 m/s)/(2.998x 10 8 m/s) 

= (590 ran) l } + °' 000 ^ 46 | = | 590.09 nm | 


1-0.000 146 8 

Similarly, 

(b) v =(22 x 10' 3 m/s • ly)(2.00 x 10 8 ly) =4.4 x 10 6 m/s. 


A! = (590 nm) 


(c) v =(22 x 10“ 3 m/s • ly)(2.00 x 10 9 ly) =4.4 x 10 7 m/s, 
A! = (590 nm) l } + °'} 468 = | 684nm | 


1-0.146 8 

(a) What we can see is limited by the finite age of the Universe and by 
the finite speed of light. We can see out only to a look-back time 
equal to a bit less than the age of the Universe. Every year on your 
birthday the Universe also gets a year older, and light now in 
transit arrives at Earth from still more distant objects. So the radius 
of the visible Universe expands at the speed of light, which is 

dr 

— =C=1 ly/yr 

4 

(b) The volume of the visible section of the Universe is —nr 3 , where 

3 

r = 13.7 billion light-years. The rate of volume increase is 
dV d 1 4 3 \ 4 „ 2 dr A 2 


= 6.34x10“ m 3 /s 


if 9.4605xlO 15 mV 

( 3 .OOXIO 8 —) 

l ny J. 

\ s / 
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P46.49 


The density of the Universe is 

p=1 ' 20 * =1 - 20 ® 

Consider a remote galaxy at distance r. The mass interior to the sphere 
below it is 



0.600H 2 r 3 
G 


both now and in the future when it has slowed to rest from its current 
speed V = H r. The energy of this galaxy-sphere system is constant as 
the galaxy moves to apogee distance R: 

1 2 GmM n GmM 

-mv 2 -=0- 

2 r R 


1 mH 2 r 2 Gmf 0.600H 2 r 3 } Gmf0.600H 2 r 3 ) 

2 W r r { G J R { G ) 

-0.100 =-0.600— so R= 6.00 r 

R 


The Universe will expand by a factor of | 6.00 | from its current 
dimensions. 


Section 46.12 Problems and Perspectives 

P46.50 (a) The Planck length is 

L _ IhG _ I(1.054 5x 10 “ 34 J-s)(6.673xl0“ n N m 2 /kg 2 ) 
VC 3 ]j (2.998x10 s m/s ) 3 

41.62 x! 0~ 35 m~| 


(b) The Planck time is given as 


r _L _ 1.616x! 0~ 35 m 
C 2.998 x10 s m/s 


5.39 xlO " 44 s 


of the same order of magnitude as the ultrahot epoch. 
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Additional Problems 


P46.51 (a) n +p -> Z + +n° 

Total charge is 0 on the left side of the equation, +1 on the right 
side. Charge is not conserved,| 

(b) )U" -» n~ +v e 


The rest mass of the pion is larger than the rest mass of the muon. 
Muon lepton number is +1 on the left side of the equation, 0 on 
the right side. Electron lepton number is 0 on left side, +1 on right 
side. [Energy, muon lepton number, and electron lepton number) 
[are not conserved.) 

(c) p —> n + +n + +n~ 


Baryon number is +1 on the left side of the equation, 0 on the 
right side. [Baryon number is not conserved.) 

P46.52 In ? +p + -> n +jU + , charge conservation requires the unknown particle 
to be neutral. Baryon number conservation requires baryon number 
= 0. The muon-lepton number of ? must be -1. So the unknown particle 
must be an muon-antineutrino | | . 


*P46.53 The time of flight is given by At = d/v. 

Since K =-mv 2 , 

2 


(2(0.0400eV)(l.60xlCT 19 J/eV) 


^ =3.61 s 


1.67 xl0 “ 27 kg 

The decay constant is A =^-^ __d693_ ^3 x ^q -3 

7 T 1/2 614 s 


Therefore we have 

AAt =(l.l3 x 10 ~ 3 s)(3.61 s) =4.08 x 10 “ 3 =0.004 08 
And the fraction remaining is 

— =e m =e 0004108 =0.995 9 

N 0 


Hence, the fraction that has decayed in this time interval is 

1-— =0.004 07 or 10.407%) 

N - 
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P46.54 Let's find the minimum energy necessary for the increase in rest 
energy to occur. 

A E r =(3 m e - mjc 2 =2 m e c 2 =2(0.511 eV) =1.02 eV 

This calculation may make it look like the reaction is possible. But 
there is more to the energy picture here than just the increase in rest 
energy. There is kinetic energy associated with the moving particles. 
Let's demand that energy be conserved for the isolated system: 

Ej =E f E y +m e c 2 =3 ym e c 2 [1] 


Now demand that momentum in the direction of travel of the initial 
photon be conserved for the isolated system: 


E r , 

P X i =P xf -> -f =3 ym e u 

Divide equation [1] by equation [2]: 

E y +m e c 2 _ c 2 E y +m e c 2 _c _1 
E y /c u E y u p 


[ 2 ] 

[3] 


where p = il/c. Multiply equation [2] by C and subtract it from equation 
[ 1 ]: 


E y + m e c 2 - E y = 3ymf 2 - 3ym e uc 

-» m e c 2 = 3ymf 2 - 3ym e uc 
1 = 3y - 3y- = 3y(l - p) 


Substitute for y: 


, 3(1-0) 3(1 zh np 

V1-1//C 2 yrw p+p 


1+0 = 9(1-0) -i. 0 = ^ = O.8OO 

Substitute this value into equation [3]: 

E y +m e c 2 _ 1 

T y 0.800 

rri r 2 

1 #1.25 E y = 4m e c 2 =2.04 MeV 


Therefore, the photon arriving with 1.05 MeV of energy cannot cause 
this reaction. 
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Let's check the assumptions. If the final particles have any velocity 
component perpendicular to the initial direction of travel of the 
photon, then they must be moving with a higher speed after the 
collision and the incoming photon energy would have to be larger. If 
any one of the particles had a different energy than the other two, then 
the only way to satisfy both energy and momentum conservation 
would be for at least two of the particles to have components of 
velocity perpendicular to the initial direction of motion of the photon, 
so again the incoming photon energy would have to be larger. 
Therefore, 2.04 MeV represents the minimum energy for the reaction to 
occur. 

P46.55 We find the number N of neutrinos: 

10 46 J =N (6 MeV) =N (6 x 1.60 x 1(T 13 j) 

N =1.0 x 10 58 neutrinos 
The intensity at our location is 

/V N 1.0 xio 58 ( lly y 

A 4nr 2 4^(l.7xl0 5 ly) 2 19.460 5xl0 15 mj 
=3.1 xlO 14 nT 2 

The number passing through a body presenting 5 000 cm 2 = 0.50 m 2 

is then ^3.1 xlO 14 -^-j(o.50 m 2 ) =1.5xl0 14 ,or | ~ 10 14 | . 

P46.56 Since the neutrino flux from the Sun reaching the Earth is 0.400 W/m 2 , 
the total energy emitted per second by the Sun in neutrinos in all 
directions is that which would irradiate the surface of a great sphere 
around it, with the Earth's orbit as its equator. 

(0.400 W/m 2 )(47rr 2 ) =(0.400 W/m 2 )^4jt (l.496 x 10 11 m) 2 ] 

=1.12xlO 23 W 

In a period of 10 9 yr, the Sun emits a total energy of A E =PAt. 

E=[ 1.12xlO 23 J/s)(l0 9 yr)(3.156xl0 7 s/yr) =3.55x 10 39 J 

carried by neutrinos. This energy corresponds to an annihilated mass 
according to 

E =m v c 2 =3.55 x 10 39 J or m v =3.94 x 10 22 kg. 

Since the Sun has a mass of 1.9 89 x 10 3 ° kg, this corresponds to a loss 
of only about |l part in 5 x 10 7 | of the Sun's mass over 10 9 yr in the form 
of neutrinos. 
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P46.57 In our frame of reference, Hubble's law is exemplified by v 1 =/-/R 1 
and v 2 =H R 2 . 

(a) From the first equation v 1 =HR 1 we may form the equation 

-Vj =-H Rj. This equation expresses Hubble's law as seen by the 
observer in the first galaxy cluster, as she looks at us to find our 
velocity relative to her (away from her) is -v 1 =H (-R,). 

(b) From both equations we may form the equation 

v 2 -Vj =/-/(r 2 -R 1 ). This equation expresses Hubble's law as 
seen by the observer in the first galaxy cluster, as she looks at 
cluster two to find the relative velocity of cluster 2 relative to 
cluster 1 is v 2 - v 1 =H (r 2 — R x ). 

P46.58 k —> p +v IJ . By energy conservation. 


me 2 =E„ +£„ =139.6 MeV 


[ 1 ] 


Because we assume the antineutrino has no mass, E v =p v C, and by 
momentum conservation, p^ =p v ; thus, we can relate the total 
energies of the muon and antineutrino: 

El =(p„cf +(mff =(p r cf +(m„c 2 f =(Elf +(m/f 


El-E 


2 = 


m u c 


and (£ AJ +£,)(£ AJ -£,)=(m /J c 2 ) . 
Substituting [1] into [2], we find that 
. . (m„c 2 ) 2 (m„c 2 ) ! 


Subtracting [3] from [1], 


me 


[ 2 ] 


[3] 


(F„ +£-)-(£,-£-) =mc 2 


2E v =m c 2 - 1 


[mm] -\m„c 


_(l39.6 MeV) 2 -(105.7 MeV) 2 


2m n c 

= |29.8 MeV | 


2(139.6 MeV) 
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P46.59 Each particle travels in a circle, so each must experience a centripetal 
force: 

ZF =ma: qvB sin90° =^-j— -> mv =qBr 

The proton and the pion have the same momentum because they have 
the same magnitude of charge and travel in a circle of the same radius: 

p p =p n = p =cfir =(l.60 x 10~ 19 c)(0.250 T)(l.33 m) 

=5.32x 1(T 20 kg-m/s 
so 

pc =(3.00xl0 8 m/s)(5.32 x 10” 20 kg-m/s) ^ J 

=99.8 MeV 

Using masses from Table 46.2, we find the total energy of the proton to be 

E p = ^(pc) 2 +(m p c 2 ) 2 = 7(99.8 MeV) 2 +(938.3 MeV) 2 
= 944 MeV 

and the total energy of the pion to be 

E n = yj(pcf+(m n c 2 f = 7(99.8 MeV) 2 +(139.6 MeV) 2 
= 172 MeV 

The unknown particle was initially at rest; thus, E totalafter = E totalbefore = 
rest energy, and the rest energy of unknown particle is 
me 2 =944 MeV +172 MeV =1 116 MeV 
Mass = | 1.12 GeV/c 2 | 

From Table 46.2, we see this is a A 0 particle. 

P46.60 Each particle travels in a circle, so each must experience a centripetal 
force: 

ZF =ma: qvB sin90° -> mv =qBr 

The particles have the same momentum because they have the same 
magnitude of charge and travel in a circle of the same radius: 

p + =p =p =eBr pc =eB rc 

We find the total energy of the positively charged particle to be 

e., = VM 2 +(<V=V(^ rc ) 2 +^ 
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and the total energy of the negatively charged particle to be 

E t ,^ = ^(pcf7(Ej = ^^f7¥ 

The unknown particle was initially at rest; thus, E totalafter = E total before = 
rest energy, and the rest energy of the unknown particle is 

me 2 = <J(qBrcf + El + ^J(qBrcf + E 2 


P46.61 


J(qBrcf +E 2 + +yl(qBrcf +E 2 _ 

r 2 


(a) This diagram represents ^lectron-positron annihilation! - From 
charge and lepton-number conservation at either vertex, the 
exchanged particle must be an electron, | e~. | 

(b) [A neutrino collides with a neutron, producing a proton and a| 

|muon.| This is a weak interaction. The exchanged particle has 

charge +e and is a | W + . | 



ANS. FIG. P46.61 


P46.62 


(a) 


The Feynman diagram in ANS. FIG. 
P46.62 shows a neutrino scattering off 
an electron, and the neutrino and 
electron do not exchange electric charge. 
The neutrino has no electric charge and 
interacts through the weak interaction 
(ignoring gravity). The mediator is a 
| Z° boson. | 



(a) (b) 

ANS. FIG. P46.62 


(b) The Feynman diagram shows a down 

quark and its antiparticle annihilating each other. They can 
produce a particle carrying energy, momentum, and angular 
momentum, but zero charge, zero baryon number, and, if the 
quarks have opposite color charges, no color charge. In this case 
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P46.63 


P46.64 


the mediating particle could be a | photon or Z° boson. | 

Depending on the color charges of the d and d quarks, the 
ephemeral particle could also be a | gluon | , as suggested in the 
discussion of Figure 46.13(b). 

For conservation of both energy and momentum in the collision 
we would expect two mediating particles; but momentum need 
not be strictly conserved, according to the uncertainty principle, if 
the particle travels a sufficiently short distance before producing 
another matter-antimatter pair of particles, as shown in ANS. FIG. 
P46.62(b). 

The expression e E/kfiT dE gives the fraction of the photons that have 
energy between E and E + dE. The fraction that have energy between E 
and infinity is 

Jtf w <£ J e^i-dE/kj) E IV r 


j e CjV cE \e EIV (-cEkj) 


=rWr 


We require T when this fraction has a value of 0.010 0 (i.e., 1.00%) 
and E =1.00 eV =1.60 x 10~ 19 J. 

Thus, 0.010 0 =e -( 1<<Mtr ” MW mlr 


ln(0.010 0) = 


1.60 x 10~ 19 J 


1.16xl0 4 K 


“(1.38X10" 23 J/K )T T 

giving T =2.52 xlO 3 K~ [lO 3 K, 

Z° A 0 +y 

From Table 46.2, m z =1192.5 MeV/c 2 and m A =1 115.6 MeV/c 2 . 
Conservation of energy in the decay requires 

m z c 2 = (m A c 2 + K a ) + E y or m z c 2 =|^m A c 2 +^- j +E y 

System momentum conservation gives | p A | =| p y |, so the last result 
may be written as 


m T c 2 = m.c 2 +- 


+£ v 
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m y c = m.c + 


p;c z 


+E V . 


2 m A c 

Recognizing that p Y C=E y , we now have 


1192.5 MeV = 1115.6 MeV + 


2(1115.6 MeV) 
Solving this quadratic equation gives E y =1 74.4 MeV I. 


P46.65 p+p^>p+7T + +X 

The protons each have 70.4 MeV of kinetic energy. In accord with 
conservation of momentum for the collision, particle X has zero 
momentum and thus zero kinetic energy. Conservation of system 
energy then requires 

m p c 2 + m n c 2 + m x c 2 = (m p c 2 + K p ) + (m p c 2 + K p ) 

m x c 2 = m p c 2 + 2K p - m n c 2 

= 938.3 MeV + 2(70.4 MeV) -139.6 MeV 
= 939.5 MeV 

X must be a neutral baryon of rest energy 939.5 MeV. Thus, X is a 
neutronT] 

P46.66 p +p -> p +n +K + 

The total momentum is zero before the reaction. Thus, all three 
particles present after the reaction may be at rest and still conserve 
system momentum. This will be the case when the incident protons 
have minimum kinetic energy. Under these conditions, conservation of 
energy for the reaction gives 

2 (m p c 2 + K P ) = m p c 2 + m n c 2 + m K c 2 

so the kinetic energy of each of the incident protons is 

_ m„c 2 + m n c 2 - m p c 2 _ (939.6 +139.6 - 938.3) MeV 
p ~ 2 2 
= | 70.4 MeV | 
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Challenge Problems 

P46.67 See the discussion of P46.19 in this volume for more details of the 
mathematical steps used in the following calculations. 

From Table 46.2, m A c 2 =1 115.6 MeV, m p c 2 =938.3 MeV, and 
m K c 2 =139.6 MeV. 

Since the A° is at rest, the difference between its rest energy and the 
rest energies of the proton and the pion is the sum of the kinetic 
energies of the proton and the pion. 

K p +K n =1 115.6 MeV - 938.3 MeV -139.6 MeV =37.7 MeV 

Now, since p p =P K =p, applying conservation of relativistic energy to 
the decay process, we have 

[^(938.3 MeV) 2 + ffd - 938.3 MeV] 

+ [^(139.6 MeV) 2 + p^C 2 -139.6 MeV] = 37.7 MeV 

Solving yields 

p K C =p p C =100.4 MeV 

Then, 

K p = J(m p c 2 ) 2 + (100.4 MeV) 2 -m p c 2 = | 5.35 MeV | 

K n = V(139.6) 2 +(100.4 MeV) 2 -139.6 = | 32.3 MeVlJ 

P46.68 (a) Let E min be the minimum total energy of the bombarding particle 

that is needed to induce the reaction. At this energy the product 
particles all move with the same velocity. The product particles 
are then equivalent to a single particle having mass equal to the 
total mass of the product particles, moving with the same velocity 
as each product particle. By conservation of energy: 

E,* + m 2 e = >/(m 3 c 2 ) 2 + (p 3 c ) 2 HI 

By conservation of momentum, p 3 =p ir so 

(p 3 c ) 2 =(P!C ) 2 =E 2 min -(m 1 c 2 ) 2 [2] 

Substitute [2] into [1]: 

+ m 2 c 2 = yJ(m 3 c 2 ) 2 +E 2 min -(m lC 2 ) 2 
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P46.69 
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Square both sides: 

EL + 2 E min m 2 c 2 + (m 2 c 2 ) 2 = (m 3 c 2 ) 2 + EL - Kc 2 ) 2 
E _ (ml - ml - mpc 2 

min lm 2 

„ _ 2 (m 2 -m 2 -ml -2m 1 m 2 )c 2 

K_ in = E mjn - m,c 2 = ^-2--- 2 -— 

. 2 m 2 

_[m 2 -(m 1 + m 2 ) 2 ]c 2 

2 m 2 


Refer to Table 46.2 for the particle masses. 

„ [4(938.3)] 2 MeV 2 /c 2 -[2(938.3)] J MeV 2 /C „ 

-2(938.3 MeV/c 2 )-L«3GeV 


_ (497.7 + 1 115.6) 2 MeVVc 2 -(139.6+ 938.3) 2 MeV'/c 2 
2(938.3) MeV/c 2 

= | 768 MeV | 


_ [2 (938.3)+135 ] 2 MeVVc 2 -[2(938.3)] 2 MeV'/c 2 
( ' *** 2(938.3) MeV/c 2 

= [ 280 MeV | 


(91.2xlO 3 ) 2 -[(938.3+ 938.3) 2 ] MeWc 2 
' ' ” 2(938.3) MeV/c 2 1 — — 1 

(a) A E =(m n -m p -m e )c 2 


From Table 44.2 of masses of isotopes, 

A E =(1.008 665 u -1.007 825 u)(931.5 MeV/u) 

= | 0.782 MeV | 

(b) Assuming the neutron at rest, momentum conservation for the 
decay process implies p p = p e . Relativistic energy for the system is 
conserved: 



Since p p = p e = p, we have 

L,c 2 f + P ! c 2 = m „c 2 -^(m e c 2 f*p 2 c 2 
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(m p c 2 ) 2 + = (m„c 2 ) 2 - 2 m n c 2 ^j(m e c 2 f + p 2 c 2 

+ (m e c 2 f + y<^ 

(m n c 2 ) 2 -(m p c 2 ) 2 + (m e c 2 ) 2 




m e c 2 ) +p 2 c 2 = 


pc = 


Kc 2 ) 2 -(m p c 2 ) 2 + Kc 2 ) 2 

2 me 2 


Refer to Table 46.2 for the particle masses. 

, , _ [" (939.6 MeV) 2 - (938.3 MeV) 2 + (0.511 MeV) 2 T 
^ 2(939.6 MeV) J 

-(0.511 MeV) 2 

pc= 1.19 MeV 

From p e C =ym e v e c, we find the speed of the electron: 
yv e _ p e c _ 1 v e 



V e _ 1 _ 1 _ 

c ^l + (m e c 2 /p e c) 2 yjl+ (0.511 MeV/1.19 MeV) 2 


^ =0.919c| 

To find the speed of the proton, a similar derivation (basically, 
substituting m p for mj, yields 

C 2.998 x 10 8 m/s 

P Jl + (m p c 2 / Pe c) 2 V 1 +(938.3 MeV/1.19 MeV) 2 

= 3.82 x 10 5 m/s = |382 km/s| 

(c) | The electron is relativistic; the proton is not. | Our criterion for 

answers accurate to three significant digits is that the electron is 
moving at more than one-tenth the speed of light and the proton 
at less than one-tenth the speed of light. 
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P46.70 


(a) At threshold, we consider a photon and a proton colliding head- 
on to produce a proton and a pion at rest, according to 
p +7 —> p + 7 T°. Energy conservation gives 




+E V =m n c 2 +m^c 2 


Momentum conservation gives , p = 
Combining the equations, we have 


A =0 . 

C 


Vl-u 2 /c 2 Jl-u 2 /c 2 C 
(938.3 MeV)(l + u/c) 
V(l-u/c)(l + u/c) 

- =0.134 


=m c +m_cr 


938.3 MeV +135.0 MeV 


and E v = 127 MeV 


(b) A max 7" =2.898 mm K 


2.898 mm • K p—-i 

=-= 1.06 mm 

max 2.73 K 1 - 1 


(c) E v =hf =Sa 124QeV / 10 'H =| 1.17 xl0 ~ 3 eV | 

W r A 1.06x10* m 1 - 1 

(d) In the primed reference frame, the proton is moving to the right at 
— =0.134 and the photon is moving to the left with 

hf' =1.27 x 10 8 eV. In the unprimed frame, hf =1.17 x 10 -3 eV. 
Using the Doppler effect equation (Equation 39.10), we have for 
the speed of the primed frame (suppressing units) 


»- / 1+V / C - 
ii-v/c 


1.17 xl0 “ 3 


1.27 x10 s 

— =1- 1.71x 10 “ 22 

c 

Then the speed of the proton is given by 


C 1 + L/v/c 2 1 + 0.134(1-1.71 xlO" 22 ) 
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P46.71 


And the energy of the proton is 

m p c 2 _ 938.3 MeV 

Vl- u 2 /c 2 * * ^1 - (l -1.30 x 10” 22 ) 2 

=6.19 x 10 10 x 938.3 x 10 6 eV 45.81 x 10 19 '^v| 

(a) Consider a sphere around us of radius R large compared to the 
size of galaxy clusters. If the matter M inside the sphere has the 
critical density, then a galaxy of mass m at the surface of the 
sphere is moving just at escape speed v according to K +U g =0, 


GM m 


The energy of the galaxy-sphere system is conserved, so this 
equation is true throughout the history of the Universe after the 
dR 

Big Bang, where V =——. Then, 


(dR Y _2GM 
[dtj R 

or ^ =R- 1/2 j2GM. 


integrating, 

j*jRdR =sj2GMl T 0 dt 

D3/2| R _ 9 _ 

=V2GMt| 0 gives ^R 3/2 =^JlGMT 


2 R 3/2 _2 R 

3 y/lGM ~3 yj2GM/R ' 


From above. 


so 


T =- 



Now Hubble's law says v = HR, so 


3 HR 


2 

3H 


(b) 


3(22xl0" 3 m/s-ly) 


f2.998x10 s m/si nQ in9 - 1 

[ liy/yr JH 9 - 08X10 >- | 


=9.08 billion years 
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P46.72 


P46.73 


A photon travels the distance from the Large Magellanic Cloud to us in 
170 000 years. The hypothetical massive neutrino travels the same 
distance in 170 000 years plus 10 seconds: 

c(170 000 yr) = v(170 000 yr +10 s) 

v_ 170 000 yr 
C~ 170 000 yr +10 s 

1 

“ 1 + {10 s/[(l.7xl0 5 yr)(3.156xl0 7 s/yr)]} 

1 

_ 1 + I.86xl0“ 12 

For the neutrino we want to evaluate me 2 in E =y me 2 : 


me 2 = = 10 MeV 1 



(l + 1.86x 10 _1 


me 2 ~ (10 MeV). 
=19 eV 


(l + 1.86x 10“ 12 ) -1 
(l + 1.86xl0 -12 ) 2 

^ 2(l.86xlO~ 12 J 


(10 MeV^l^xlO -6 ) 


Then the upper limit on the mass is 
I 19 eV I 


_ 19eV f u 

c 2 { 931.5 x 10 6 eV/c 2 


=2.1x 10“ 8 u 


(a) If 2 N particles are annihilated, the energy released is 2N me 2 . The 


E 2Nmc 2 


=2N me. Since the 


resulting photon momentum is p =■^ ^ 

momentum of the system is conserved, the rocket will have 
momentum 2N me directed opposite the photon momentum. 

I p =2Nmc I 


(b) Consider a particle that is annihilated and gives up its rest energy 
me 2 to another particle which also has initial rest energy me 2 (but 
no momentum initially). 

E 2 = p 2 c 2 + (mc 2 f 
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Thus, (2mc 2 ) 2 = p 2 c 2 +(mc 2 ) 2 . 

Where p is the momentum the second particle acquires as a result 
of the annihilation of the first particle. Thus 
4 (me 2 ) 2 = p 2 c 2 + (me 2 ) 2 , p 2 =3(me 2 ) 2 . So p =j3mc. 

N N 

This process is repeated N times (annihilate — protons and — 
antiprotons). Thus the total momentum acquired by the ejected 
particles is V3/V me, and this momentum is imparted to the 
rocket. 

| p =s/3N me] 

(c) Method (a) produces greater speed since 2N me >V3A/ me. 
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lNSWERS to even-numbered problems 


P46.2 (a) 2.27 x 10 23 Hz; (b) 1.32 x 1CT 15 m 

P46.4 ~10 3 Bq 

P46.6 ~10“ 18 m 

P46.8 Baryon number conservation allows the first reaction and forbids the 
second. 

P46.10 ~10“ 23 s 

P46.12 (a) See P46.12(a) for full explanation; (b) Strangeness is not conserved 

in the second reaction. 

P46.14 (a) v e ; (b) v fj ; (c) v fj ; (d) v [1 , v z 

P46.16 v^and v e 

P46.18 (a) See P46.18(a) for full explanation; 

(b) E e =E y =469 MeV, p e =p y =469 MeV/C; (c) v = 0.999 999 4c 

P46.20 The p° —> n + +n~ decay must occur via the strong interaction. The 
K° —> j r + +k~ decay must occur via the weak interaction. 

P46.22 (a) electron and muon lepton numbers; (b) electron lepton number; 

(c) charge and strangeness; (d) baryon number; (e) strangeness 

P46.24 (a) B, charge, L e , and L r ; (b) B, charge, L e , L M , and /. T ; 

(c) S, charge, L g , L , and L z ; (d) B, S, charge, L e , L , and L z ; 

(e) B, S, charge, L e , L^, and L z ; (f) 6, S, charge, L e , L jjf and L z 

P46.26 (a) p z+ =686 MeV/c, P n+ =200 MeV/C; (b) 626 MeV/c; 

(c) E k+ =244 MeV, E n =1.13 GeV; (d) 1.37 GeV; (e) 1.19 GeV/c 2 ; 

(f) The result in part (e) is within 0.05% of the value ion Table 46.2. 

P46.28 (a) See table in P46.28(a); (b) See table in P46.28(b). 

P46.30 (a) Z + ; (b) n ; (c) K° ; (d) S" 

P46.32 (a) The reaction has a net of 3u, Od, and 0s before and after; (b) The 

reaction has a net of lu. Id, and Is before and after; (c) The reaction 
must net of 4u, 2d, and Oz before and after; (d) A° or Z° 

P46.34 3.34 x 10 26 electrons, 9.36 x 10 26 up quarks, 8.70 x 10 26 down quarks 

P46.36 m u =312 MeV/c 2 ; m d =314 MeV/c 2 
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P46.38 

P46.40 

P46.42 

P46.44 

P46.46 

P46.48 

P46.50 

P46.52 

P46.54 

P46.56 

P46.58 

P46.60 

P46.62 

P46.64 

P46.66 

P46.68 

P46.70 

P46.72 


(a) 4.30 x 10' 18 m/s; (b) 0.892 nm/s 

(a) 8.41 x 10 6 kg; (b) No. It is only the fraction 4.23 x 10” 24 of the mass 
of the Sun. 


1.36 xlO 10 yr 


3.15 xl0“ 6 W/m 

Z 2 +2Z 


(a) 


;(b) — 
V ' H 


Z 2 +2Z "j 

Z 2 +2Z+2 J 


(a) See P46.48(a) for full explanation; (b) 6.34 x 10 61 m 3 /s 
(a) 1.62xl0~ 35 m; (b) 5.39xlO" 44 s 


See P46.54 for full explanation. 

1 part in 5 x 10 7 
29.8 MeV 

yj(qBrcf + E 2 + <J(qBrcf + E 2 
c 2 

(a) Z° boson; (b) photon or Z° boson, gluon 

74.4 MeV 

70.4 MeV 

(a) See P46.68(a) for full explanation; (b) 5.63 GeV; (c) 768 MeV; 
(d) 280 MeV; (e) 4.43 TeV 

(a) 127 MeV; (b) 1.06 mm; (c) 1.17 x 10 -3 eV; (d) 5.81 x 10 19 eV; 
19 eV/c 2 
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